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ABSTRACT 
 
This study focuses on the feasibility and environmental impacts of using raw 
domestic greywater from laundry and bathroom after only primary treatment, e.g. 
coarse filtration for irrigating lawns and gardens. The use of greywater for 
landscape irrigation requires careful management, especially in regions with sandy 
soils  and shallow groundwater levels. There is the possibility that excessive 
nutrients and other contaminants will leach into surrounding water bodies. This has 
been a major concern with greywater use in ecologically sensitive environments, 
such as on the Swan Coastal Plain of Perth, Western Australia. Proper 
management is essential to ensure environmental risks from greywater irrigation 
are avoided.  
 
The main purpose of the first stage of the study was to develop a new zero-tension 
lysimeter (ZTL) as a leachate sampler in a greywater irrigation plot. The new ZTLs 
were tested to compare the quantity and quality of leachate collected with that from 
the conventional pan lysimeter, in a pilot-scale study. The results indicate that the 
new lysimeter designated as ZTL (N1), was effective at collecting leachate and 
was suitable to install at household sites. The lysimeter ZTL (N1) design offers 
significantly improved performance, was cost-effective and required limited effort to 
install using an auger, which also minimizes soil disturbance. Since the lysimeter 
was practical and inexpensive it was established to facilitate the monitoring of 
greywater irrigation.   
 
The second stage of the study was to monitor the use of primarily treated 
greywater by using diversion system from bathrooms and laundries at four Perth 
houses: two houses at the Bridgewater Lifestyle Village (BWLV), one each at 
White Gum Valley and Hamilton Hill. Each house had different characteristics: 
different house types, occupants, cleaning product preferences and presence, or 
not, of household pets. Water use activities, soil and vegetation were monitored 
and were sampled for physical and chemical characteristics. Groundwater samples 
at the BWLV site were also collected. This site has 389 houses with a greywater     vii 
diversion system installed in each, is located close to the Peel-Harvey estuary and 
a wetland, and has a shallow aquifer. Monitoring results showed that the 
groundwater samples were within the ANZECC guidelines. Greywater quality 
showed high variability depending on water consumption by washing machines, 
use of detergents and fabric softeners, as well as individual lifestyles. Land 
activities such as fertilizers and pets were expected to contribute to high amounts 
of nutrients in the leachate. Mulching and fertilizer used by householders in 
conjunction with greywater irrigation improved the function of soil and condition of 
plants.  
 
The third stage of the study was to determine the effects of raw laundry and 
bathtub greywater irrigation on the growth of couch grass (Cynodon dactylon L.) 
sod on a sandy soil in a 24-week study, from October 2009 to March 2010. In 
Perth, the use of greywater is significant during these months as rainfall is at its 
lowest and irrigation demand at its highest. Couch grass is a common lawn used in 
Western Australia with excellent drought tolerance, water efficiency and relatively 
low maintenance requirements. Three irrigation treatments were applied using a 
modified aquarium tank: (i) 100% scheme water as a control (TW), (ii) untreated 
full cycle laundry water (LGW), (iii) untreated bathtub water (BGW). Salts and 
nutrients Na, Cl, P, Ca, Mg, K, B, Zn and Al were chosen for measuring because 
they are dominant constituents in greywater and have a beneficial role in turf grass 
growth. Their dynamics and mass balance were assessed by measuring the 
irrigation (input) and leachate (output) volumes and concentrations of element 
concentration in both input and output water of the tank. Irrigation using LGW and 
BGW in sand resulted significant leaching of some Mg and Al beyond the 30cm 
root-zone depth. The mass balance showed an increased amount of stored Na, Cl, 
P and K in the soil at the end of the study. The accumulation of salts and nutrients 
in the soil has resulted in the infiltration rate, K, gradually declining. 
 
The final stage of the study was to investigate further the significant reduction of K 
in the tank test. Another soil hydraulic property, capillary rise (Pc), was also 
measured. The soil samples were collected from greywater-irrigated plots at the 
case studies and the tank test, as mentioned previously. In addition, the study     viii 
examined the changes in soil properties from the use of an anionic surfactant, 
linear alkylbenzene sulphonate (LAS) which is known to be the main ingredient in 
detergent formulation. A commercially available surfactant-based wetting agent to 
alleviate water repellency in household gardens was also considered. Irrigation 
with raw laundry and bathtub greywater, application of LAS and a wetting agent 
made a significant reduction on infiltration rate, K, and on Pc. At the case study 
sites, the changes were difficult to quantify owing to various land activities that 
influenced the result.  
 
The results of the extensive experimental on-site program indicated that the use of 
primarily treated greywater is a viable option to conserve water for irrigation during 
times of drought and water restrictions. The sustainable use of raw greywater 
would vary with specific site conditions and householder practices. Soil and plant 
quality parameters are significantly affected after continuous irrigation with 
greywater. This is mainly determined by the management regime of greywater 
irrigation and its composition. In addition, continuous irrigation with greywater may 
lead  to accumulation of salts, plant nutrients and some nutrients beyond plant 
tolerance levels. Therefore, these concerns should be essential components of any 
management plan for greywater irrigation. On the other hand, plant growth, soil 
fertility and productivity can be enhanced with properly managed greywater 
irrigation, through increasing levels of plant nutrients and soil organic matter. It is 
suggested that proper management of greywater irrigation with periodic monitoring 
of soil fertility and quality parameters are required to ensure successful and safe 
long-term use of greywater for irrigation. The adequate assessment of any 
environmental risks will require further research.  
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CHAPTER 1 
INTRODUCTION 
 
1.1  THE NEED FOR GREYWATER REUSE 
The world’s freshwater sources are threatened by climate change. Scientists 
around the world agree that  recent  climatic changes occurring globally are the 
result of human activities (Parry et al., 2007). Rising global temperatures lead to an 
intensification of the hydrological cycle and heightened risks of more extreme and 
frequent floods and drought. By the early 21
st  century,  there are already acute 
water shortages in large parts of Australia, Asia, Africa, and the United States. In 
Perth, Western Australia (WA), winter rainfall has declined by 15% since 1975, 
reducing run-off into metropolitan dams and estuaries by more than 50% (Barron, 
2008). This has resulted in extremely high water demand between the growing city 
and nature requirements.   
 
With water restrictions in place, people are looking for ways to reduce their water 
consumption.  According to the Perth Domestic Water Use Study (Loh and 
Coghlan, 2003),  water used outside the house typically makes up between 50 and 
80% of total household water usage.  Strategies and programs are being 
established to promote water as a precious resource, incorporating the smart and 
efficient use of it, one aim being to “ensure that all available non-potable 
wastewater is being used appropriately” (WA Govt., 2007). This, combined with an 
increasing  community interest in water conservation,  has led to recycling of 
wastewater.  The  State Water Plan  WA  set a target of recycling 20% of its     2 
wastewater by 2012, the current level being 12.5%. Among these strategies, 
greywater  has gained attention as a resource, owing  to  its  low level of 
contamination compared to blackwater, because of the exclusion of toilet water. 
Moreover, greywater enables water provision to be ‘climate independent’. 
 
The common definition of greywater is as wastewater derived from the bathroom 
and laundry but not the toilet. Greywater includes kitchen wastewater (DOH, 2010), 
but it may pose an unacceptable risk from pathogens contamination (Casanova et 
al., 2001), unless it is treated before reuse DOH (2010). It has been found that if all 
wastewater from all possible sources is recycled a significant amount of fresh 
water can be saved (DOH, 2010; Jeppesen, 1996). Such savings may also be 
made to wastewater discharge to council sewers (Radcliffe, 2006). The need to 
apply fertilizer to gardens and lawns may be partly satisfied by greywater (WHO, 
2006). In Jordan, using greywater has become a component of a poverty 
alleviation strategy (Faruqui and Al-Jayyousi, 2002; Bino et al., 2010).  
 
Greywater use for irrigation is recognized around the world in many countries, 
indeed  as early as the 19th century in Santa Barbara, USA (Al-Zu’bi and Al-
Mohamadi, 2008).  Although  studies  have shown greywater  could be used  for 
irrigating  edible crops  --  tomato  (Misra  et al., 2010; Al-Zu’bi and Al-Mohamadi, 
2008); lettuce, carrots, peppers (Finley et al., 2009); silverbeet (Pinto et al., 2010) 
and for household lawns and gardens (Al-Jayyousi, 2003), studies on its interaction 
with the environment are limited. Still, the leaching of salts and other chemicals 
from greywater sourced from the laundry  has been examined  (Misra and 
Sivongxay, 2009).      3 
On the basis on what is known to date, use of greywater has been considered to 
have potential as a water management option for the countries with inadequate 
fresh water supplies. It has therefore been promoted as a strategy to address 
water scarcity.  
 
1.2   CHALLENGES OF SUSTAINABLE IRRIGATION WITH GREYWATER 
A major problem with the use of greywater for irrigation is the widespread use of it, 
untreated, for watering the lawn and garden. The WA Code of Practice of the use 
of greywater specifies that untreated greywater can be applied manually, by using 
a bucket to collect water from the bath or shower or by a diversion system to water 
lawns and gardens, without a permit from the council (Maxey, 2005; DOH, 2005, 
2010). Greywater regulation has been developed mainly to safeguard public 
health. Despite the regulations, the increasing use of greywater on gardens has 
become unsustainable (Maimon et al., 2010), because of the increasing number of 
household chemicals (Eriksson et al., 2009).  
 
The use of unknown quantities and combinations of chemically complex cleaning 
products  from the negligent homeowner  causes  excess salts, nutrients and 
pollutants in soils. For instance, Carden  et al.  (2007)  reported that soil salinity 
increased as a result of long-term disposal of greywater in a non-sewered area in 
South Africa. The infiltration, hydraulic conductivity and aggregate stability of the 
soils have been affected (Misra and Sivongxay, 2009). In addition, the disposed 
contaminants into waterways or leaching into shallow aquifer may adversely affect 
the environment. The heavy usage of chemical pollutants, for example, boron from 
laundry detergents, can be toxic to plants while surfactants can alter soil properties     4 
if highly concentrated (Redwood, 2010). Synergistic effects may also occur when a 
plant  receives  unacceptable levels of nutrient  for plant growth, leading to the 
imbalance of nutrients.  
 
Conditions such as dry continents and sandy soils pose particular challenges for 
water and nutrient management for plants, because of the relatively low water-
holding and nutrient-retention capacities of these substrates. There is concern with 
the long-term sustainability of the dedicated irrigation areas due to high P loading, 
which can be up to 120 kg P/hectare/year (Beal et al., 2008) and the high salinity of 
greywater (Al-Hamaiedeh and Bino, 2010; Wiel-Shafran et al., 2006). Furthermore, 
the imbalance of greywater irrigation and rainfall with high evapotranspiration rates 
and insufficient biological uptake for decomposition may possibly leach the excess 
nutrients or constituents to the groundwater and waterways.  
 
Having established that greywater can be an effective resource for irrigating lawns 
and gardens but pose an environmental threat under certain circumstances, this 
dissertation commences by identifying the major elements that are causing 
environmental deterioration. 
 
1.3    SCOPE AND AIMS OF THE RESEARCH 
The aim of this thesis is to investigate:  
The effects of the use of either primary treated or raw greywater on soil and plants. 
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The objectives of this study are to: 
•  establish an effective lysimeter to measure the migration of nutrient and 
chemical constituents from greywater irrigation in household gardens, and 
•  assess the greywater effluent quality, chemical characteristics of soil and plants 
and possible leaching of nutrient in the soil in case studies of four different 
types of household in Perth, Western Australia, and  
•  evaluate, through a soil tank test, the potential effect of three different types of  
irrigation water: tap water (TW), laundry greywater (LGW) and bathtub 
greywater (BGW), on the soil and on the growth of turf grass, and 
•  determine, the efficiency of the use of wetting-agent-based surfactant through 
the soil hydraulic conductivity measurement as affected from greywater 
irrigated soils. 
 
1.4   THESIS STRUCTURE 
The above objectives have been studied through three major experiments and one 
year monitoring four case studies, which are elaborated in the following chapters. 
Chapter 2  is a review of the current literature, describing major environmental 
problems when reusing greywater. 
Chapter 3 is the establishment of sampler prototype, conducted in a pilot study, to 
use as a monitoring tool in household gardens irrigated with greywater. This 
chapter attemps to answer with some certainty the following question:  
Can a zero tension lysimeter or leachate sampler be improved in design so that it 
can be installed in house gardens with a minimum of soil disturbance and be large 
enough to collect a representative sample?      6 
Chapter 4  gives the results of a monitoring campaign which investigated  the 
variability of greywater quality from four different houses, the effects on the soil and 
plants, and leachate collection using lysimeter. This  chapter attemps to answer 
with some certainty the following questions: 
Are the variety of chemicals,  preferences of householders and greywater 
maintenance  systems  reflected in  the chemical quality  of greywater, are the 
chemicals  harmful to plants, and do they build up in the soil as a result of 
greywater irrigation? 
Is there any potential effect of greywater that will be detrimental to the shallow 
groundwater? 
Chapter 5 describes the tank experiment which seeks clear answer to whether or 
not constituents in raw greywater from laundry and bathtub accumulate in soils in 
sufficient quantities to harm turf grass, or are transported below the root zone to 
groundwater. This chapter attempts  to answer with some certainty of following 
question:  
Will a turf grass that is irrigated with raw greywater remain healthy? What are the 
changes in plant and soil chemistry properties?  
Chapter 6 is a  further investigation of soil hydraulic conductivity based on the 
significant finding of its reduction during the tank experiment in Chapter 5.  
Chapter 7 is a general discussion on the significant effects of using greywater on 
soil and plants and limitations to greywater irrigation. 
Chapter 8  contains  the conclusions and recommendations for further research 
based on the present findings.   
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1   INTRODUCTION  
The UN's climate change panel (IPCC) stated that the world's current population of 
about 6.6 billion is forecast to rise by 2.5 billion by 2050. As human population 
increases, the need for water also increases in domestic, agricultural, industrial 
and urban sectors. Consequently, water or “Blue Gold” is widely predicted to be a 
critical resource. In 2009, the symposium on water security organized by the World 
Water Organization warned that two-thirds of the world's population will face water 
shortage by 2025 (Grey and Connors, 2009). This is partially attributed to climate 
change where dry seasons are prolonged, less rainfall is recorded and events of 
extreme droughts become more common in certain areas around the globe. These 
patterns have significant impacts on the availability of water.  
 
The terrifying consequences of a global water shortage could be mitigated by 
implementing a wise water management policy. As a result, it becomes necessary 
to assess the potential of reusing treated wastewater to cope with the supply of 
and demand for potable water. In Australia, wastewater reuse is not a novelty and 
has been receiving increasing attention since the early 1990s, when new water 
policies  and resource protection legislation were adopted  (Radcliffe, 2006). In 
countries experiencing arid and semi-arid climates, wastewater reuse is becoming 
necessary  as a supplement to existing water sources. Most large-scale reuse 
schemes are in Israel, South Africa, and arid areas of USA, where alternative     8 
sources of water are limited (Asano, 1998). However, the quality of wastewater 
reuse has raised concern with regards to public health risk within the community. 
This, along with the cost of the system has always been hotly debated among 
researchers, politicians and institutions and is possibly limiting the further uptake of 
this technology.   
 
However, there is a general consensus that the health risk from greywater use is 
much lower than from household wastewater, since it comes from light wastewater 
sources such the laundry, bathtub and shower. California, for example, has been 
using treated greywater for subsurface irrigation for many years, and has yet to 
show any health problems associated with its use  (Vigneswaran and 
Sundaravadivel, 2004). In Australia, scarce water availability in some regions of 
Victoria has prompted the interest in bathroom and laundry greywater recycling for 
garden irrigation (EPA, 2008) and the efficiency of this system has been tested 
(Christova-Boal et al., 1996; Namdarian, 2006).  
 
Maintaining a reliable source of greywater use is important for ongoing success 
and livelihood in  communities.  Improving water resource development and 
management is a critical factor for meeting the Millennium Development Goals 
(MDG)  (Madungwe and Sakuringwa, 2007). Greywater reuse will benefit the 
economy and social fabric by providing a water supply for non-potable uses. This 
chapter will review the environmental effects associated with the use of greywater 
for household irrigation, and its application as a feasible option for plant irrigation.  
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2.2   WATER SCARCITY  
Water scarcity currently affects many regions of the world. For example, in 
Tannoura, Lebanon, women in particular have suffered severe water stress, since 
they are  in charge of water collection over long distances  and carry heavy 
containers to provide for their family’s water needs (Allen et al., 2010). In water-rich 
countries, urbanization and industrialization have frequently led to contaminated 
and deteriorated surface water and groundwater such that these countries  are 
unable to meet the ever-increasing water demands. In arid and semi-arid regions, 
where the human populations are constantly subjected to water stress, wastewater 
reuse has played a major role in meeting domestic and irrigation demands. In most 
Australian cities, water restrictions have been in place since 2003 and water 
efficiency programs implemented as an attempt to  sustain water supplies 
(www.mdbc.gov.au).  Thus, in spite of seeming abundance, water scarcity is 
endemic in most parts of the world. 
 
Indeed, uncertainty with regards to  climate change is the biggest challenge in 
assessing future water supply. Man-made activities affecting climate change on 
water resources can already be seen. In the global arena, IPCC has classified that 
the area of land as 'very dry' and it has more than doubled since the 1970s (Parry 
et al., 2007). This has often been accompanied by greater flooding events in the 
mid-high latitudes and  longer and more frequent droughts in parts of Asia and 
Africa. All of these factors affect the balance between the demand for and supply of 
water. 
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2.3   GREYWATER AND ITS REUSE POTENTIAL  
In countries with large sources of capital, manipulating of existing supplies to cope 
with water stress often occurs.  For instance, desalination technology has been 
documented in UAE, Israel, Australia, Cyprus and in the US. In Singapore, 
desalination is projected to meet 30% of water demand in order to fulfil the 
country’s future needs after the long-term water supply agreement with Malaysia 
expires in 2061 (Hock and Kesavapany, 2006). Dual reticulation systems have 
been observed where recycled water  is  used  as an alternative water supply in 
residential areas. The Rouse Hill  project in New South Wales  is the largest 
residential dual reticulation wastewater reuse scheme in Australia (Pigram, 2006). 
According to Sinclair et al. (2010), an evaluation of public health concluded that the 
reuse of recycled water was quite safe. However, major obstacles are the high 
energy consumption required coupled with the need for specialized and expensive 
infrastructure, which has prevented further implementation. These factors result in 
the cost of delivering recycled water to be  higher than the cost of water  itself 
(Crase, 2008).  
 
Redwood (2010)  pointed  out  that  the simplest way to conserve water is by 
optimizing  wastewater  derived from home sources. Less energy and chemical 
costs  are some advantages  of  on-site greywater reuse. Greywater provides a 
consistent  resource as constant amounts  of greywater  are  generated from the 
laundry, shower, laundry tub and bathtub in household’s  daily  routine, 
independently of the weather. Birks et al. (2003) observed up to 36% of individual 
household water consumption was saved by fitting a greywater recycling system in 
five single houses in Aylesbury, UK. In Israel, using Rotating Biological Contactor     11 
(RBC)-based greywater reuse systems  in multi-storey buildings  became 
economically feasible only when the building size exceeded eight storeys (Friedler 
and Hadari, 2006).  
 
2.4   GREYWATER REUSE FOR IRRIGATION 
The main municipal  application of centralized wastewater reclamation and 
distributed water reuse are agricultural land, golf courses  and urban landscape 
irrigation. The practice of reclaiming  wastewater is  common  in the US. An 
estimated 2.6 billion gallons of water per day (9.8 Gl/day)  is  reused in the US 
(Miller, 2006). In Israel, more than 70% of its treated wastewater is reused for 
agricultural irrigation (Jimenez and Asano, 2008).  In water-scarce countries like 
Saudi Arabia, Cyprus, and Jordan, wastewater reuse is now part of their overall 
water irrigation plan. Even countries that are not typically considered to be scarce 
in water, such as the UK, Canada, Japan and Germany, are also at the forefront of 
centralized wastewater reuse technology implementation (Jimenez and Asano, 
2008).  
 
Decentralized greywater use for irrigation is a growing practice in individual homes, 
clusters  of homes, or isolated industries and institutional facilities. In 2009, 
California modified its plumbing code to allow the reuse of certain types of 
greywater in households (California, 2009). Australia is the most progressive 
country in terms of greywater policy. This dry  continent not only promotes 
greywater reuse but provides rebates  for systems that recycle greywater from 
showers, laundry troughs, baths and sinks to irrigate outdoor plants (DOH, 2010). 
In Jordan, the use of greywater in poor rural areas in Tufileh can save 44% of the     12 
family  expenditure  on irrigating home-grown  garden produce. Some families 
generate additional income by selling surpluses (Faruqui and Al-Jayyousi, 2002; 
Bino et al., 2010). In sub-Saharan Africa, the role of greywater recycling provides 
supplementary nutrients, assisting plant growth and helping  the  landscape to 
flourish (Madungwe and Sakuringwa, 2007). 
 
Raw greywater and primary treated greywater are more often used to irrigate lawns 
or ornamental gardens. DOH (2005) recommends that greywater use should be 
avoided on acid-loving plants, as most greywater is slightly alkaline owing to the 
presence of soaps and detergents. For crop irrigation, the reuse of greywater after 
some treatment is recommended. Studies have suggested that plant growth is 
improved when using irrigated greywater, instead of scheme water (Misra et al., 
2010; Pinto  et al., 2010; Finley  et al., 2009).  For example, the use of treated 
greywater  in the Karak project  in Jordan  has proved  to be suitable for crop 
irrigation. Results showed that the chemical properties of treated greywater from 
households on irrigated olive trees and vegetable crops was not detrimental (Al-
Hamaiedeh and Bino, 2010). However, as pointed out by Novotny et al. (2010), the 
nutrient value of greywater is generally lower than plants require for optimal 
growth,  therefore  certain plants might adding commercial fertilizers to  defy the 
purpose of greywater reuse.  
 
Mulch basin, its role in greywater irrigation  
In greywater practice, the use of mulch is important as a direct composting system. 
A mulch basin is usually a donut shaped pit that circles a tree or shrub and is filled 
with mulch. Mulch is usually made from wood chips but can be composed of a     13 
variety of organic material such as manure, grass clippings, leaves, hay and straw. 
Mulches serve as good medium  for  the conservation of soil moisture and the 
moderation of soil temperature. Generally,  mulch covers greywater  so that any 
particles like lint, hair, etc. cannot clog small holes as shown in Figure 2.1. Hair, 
lint and other small organic particles are composted in the mulch.  
 
Therefore, it is highly recommended to provide mulch (Hemenway, 2009; Ludwig, 
2004)  when using greywater for irrigation. This system  is  Art Ludwig’s (Oasis 
Designs  www.oasisdesign.net,  retrieved on 25 July 2009) preferred method of 
delivering raw greywater as there is no risk of clogging irrigation systems, hair and 
lint simply becomes compost, there is no need for filters and hence cleaning filters. 
Namdarian (2007) added that the mulch acts as a sponge, soaking up the water 
and then slowly releasing it; it also acts as a medium for good nutrient-consuming 
bacteria.    
 
 
Figure 2.1. Topped mulch when using greywater (purple driplines)      14 
2.5   LAUNDRY AND BATHROOM GREYWATER QUALITY 
Generally, laundry greywater contains high chemical concentrations as a result of 
detergents and soiled clothes (Na, PO4, B, surfactants, NH4
+, and N) and is high in 
suspended solids  (SS), lint, turbidity and oxygen demand.  Common washing 
powders contain Na salts as bulking agents (up to 30%), which generate saline 
greywater. A typical detergent may contain surfactants, builders, enzymes, fabric 
whiteners, and bleaches. Table 2.1  shows the main ingredients of a laundry 
detergent along with their functions and weight percent.  
 
Table 2.1. Typical ingredients in laundry  detergents  (Roesner, Qian  et al., 
2006) 
Group  Functions  Component  Weight 
Percent in 
Liquid 
Detergents 
Weight Percent 
in Powdered 
Detergents 
Surfactants   Binding hardness 
cations (mainly 
calcium and 
magnesium) and 
form micelles that 
help to remove 
hydrophobic stain 
Anionic (LAS, 
AS, AES)  
15 – 30  15 – 25 
Nonionic (AE)  0 – 15  0 – 5 
Builders  Breakdown large 
water-insoluble 
molecules into 
smaller 
Zeolite  –  20 – 30 
Citrate   0 – 10  0 – 5 
Polycarboxylate 
polymers  
–  0 – 3 
Carbonate   –  8 – 25 
Sodium Silicate   –  1 – 3 
Sodium Sulfate  As a filler    –  10 – 25 
Enzymes   Removing starch-
based stains 
(amylase), some are 
used in removing oil 
and grease (lipase) 
  0 – 1.5  0 – 3 
Fabric 
Whiteners  
Enhance the 
Brightness of light- 
colored fabrics 
  0 – 0.5  0.1 – 0.5 
Dye binders   Maintain fabric colour    –  – 
Bleach  Kill germs and act as 
a whitening agent 
Percarborate   –  0 – 5 
Activator   –  0 – 5 
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Bathroom wastewater (hand basin, shower and bath) is considered to be the least 
contaminated type of greywater  with  soap  being  the most common chemical 
contaminant. Although soaps are usually biodegradable, Madungwe and 
Sakuringwa (2007) stated that soaps contribute pollutants to the water, such as 
sulphates and chlorides which  causes scum  formation  in hard water;  some of 
which persist for considerable  time before biodegrading  completely. Other 
chemicals originate from toothpastes, hair dyes, shampoos and cleaning 
chemicals.  
 
The chemical and physical quality of greywater compared with raw sewage is 
shown in Table 2.2. The high variability of greywater quality is due to factors such 
as source of water, water use efficiencies of appliances and fixtures, individual 
habits, products used (soaps, shampoos, detergents) and other site specific 
characteristics (DOH, 2005).  
 
Generally, the physical and chemical characteristics of greywater from laundry and 
bathroom  without kitchen sources are similar to those of diluted  wastewater 
(Christova-Boal, 1996), which makes it a more attractive option for reuse among 
householders. This is mainly due to its COD to BOD5 ratio which is usually around 
4:1 (Jefferson et al., 1999). The levels of pathogens and nitrogen were found to be 
lower in greywater as compared to wastewater due to the exclusion of toilet waste. 
According to Winward et al. (2008), the organic composition and suspended solids, 
or particles, in a low-load greywater are expected to originate from the human body 
during bathing. 
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Table 2.2:Typical composition of greywater compared with raw sewage 
(DOH, 2005) 
Parameter  Unit  Greywater
a  Raw Sewage 
Range  Mean 
Suspended Solids  mg/L  45-330  115  100-500 
Turbidity  NTU  22- >200  100  NA 
BOD5  mg/L  90-290  160  100-500 
Nitrite  mg/L  <0.1-0.8  0.3  1-10 
Ammonia  mg/L  <1.0-25.4  5.3  10-30 
Total Kjedahl Nitrogen  mg/L  2.1-31.5  12  20-80 
Total Phosphorus  mg/L  0.6-27.3  8  5-30 
Sulphate  mg/L  7.9-110  35  25-100 
pH    6.6-8.7  7.5  6.5-8.5 
Conductivity  mS/cm  325-1140  600  300-800 
Hardness (Ca & Mg)  mg/L  15-55  45  200-700 
Sodium  mg/L  29-230  70  70-300 
a  Based on Jeppersen and Solley (1994) 
   NA- Not Applicable 
 
Although greywater is thought to be poor in nutrients, some detergents contain 
high amounts of phosphate and boron. The concentration of Na ranges from 200 to 
700 mg/L  in many laundry powder detergents  (Handreck, 2008).  In Germany, 
phosphate-free  detergent  was introduced in 1986  (Jacob and 
Wirtschaftsforschung, 2005)  to protect surface waters from eutrophication. 
Greywater from laundries that use detergents containing boron in the range of 0.5 -
3.0 mg/L (Handreck, 2008)  is harmful to plants. In Israel, an agreement was 
reached with Israel's detergent  manufacturers to restrict boron  content  in 
household  detergents  (ha-sevivah, 1998).  Other constituents include chloride, 
which is derived from salts used in dishwashers and for refreshing ion-exchange 
columns.  
 
Another substance that needs to be considered is surfactant, which is commonly 
found in greywater, and is the most abundant organic chemical source in municipal     17 
greywater (Abu-Zreig et al., 2003). Surfactants are organic molecules consisting of 
hydrophilic and hydrophobic groups. Anionic surfactant is the largest-volume 
synthetic surfactant, used in the manufacture of  household detergents and 
cleaners industry (Jacobsen et al., 2004). Surfactants reduce the surface tension of 
the water so that it can wet fibres and surfaces. They loosen and encapsulate the 
dirt, and in that way ensure that the soiling will not re-deposit on the surfaces. 
Although surfactants are used as a less toxic substitute for soap in laundry 
detergents (Smulders et al., 2002), they are found in numerous household cleaning 
and personal care products and therefore are dominant source of the xenobiotic 
organic compounds (XOCs) found in greywater.  
 
2.7   GREYWATER REUSE SYSTEMS 
Greywater reuse systems range from simple direct diversion systems (either 
gravity-fed or pumped) that redirect untreated greywater from wastewater pipes to 
the garden, to filtration and disinfection treatment systems and more sophisticated 
technologies such as reverse osmosis. In Australia, the costs of these units 
typically range from $400 for simple direct diversion systems through to $15,000 
for higher-end systems with storage capacities. To a certain degree, the variation 
in the cost of these systems correlates with their effectiveness and reliability at 
providing irrigation.  
 
In Western Australia, greywater use can be used without treatment, such as 
bucketing. However, direct disposal of untreated greywater may  be an 
unnecessary health risk. It is therefore and greywater treatment systems (GTS) are 
recommended that greywater is treated before reuse for irrigation (DOH, 2010).     18 
Greywater treatment can be classified into four different categories as described in 
Table 2.3.  Implementation of greywater systems  in Western  Australia  are 
discussed briefly including local and state government approval, installation at 
each home, rebate acquisition, and ongoing maintenance as depicted in Figure 
2.2.  
 
Table 2.3. Typology of greywater treatment 
Type of 
treatment 
Description  System category  Typical reuse application 
Raw greywater  No treatment   Bucketing  Pouring on to back garden 
beds, lawn 
Primary filters/ 
diversion units 
Greywater is treated using 
coarse screening filters. This can 
often be achieved using inline 
systems where irrigate directly as 
it is received and require no 
storage is provided. 
GDD  Subsurface (dripline) 
irrigation or absorption 
trench 
Secondary 
units 
(mechanical) 
A secondary level of treatment is 
achieved using a simple and 
generally compact packaged 
treatment plant. Storage of the 
greywater is required.  
GTS  Subsurface irrigation; or 
spray irrigation with 
additional disinfection 
treatment.  
Secondary 
units (land 
based) 
A secondary level of treatment is 
achieved using amended soil 
filter, sand filter, constructed 
wetland or reedbed spread over 
an area of land. 
GTS  Subsurface irrigation; or 
spray irrigation with 
additional disinfection  
treatment.  
Advanced units  An advanced or tertiary level of 
treatment is achieved using 
biological, physical and chemical 
processes e.g. media or 
membrane filtration as well as 
chemical dosing, precipitation 
and sludge removal, and 
disinfection. 
GTS  Subsurface irrigation, spray 
irrigation, toilet flushing, 
washing machines. 
Abbreviation: GDD- Greywater diversion device, GTS-Greywater treatment system 
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Figure 2.2. The sequence of the household greywater reuse system in WA 
 
 
2.8   EFFECTS OF GREYWATER IRRIGATION  
2.8.1   Soil 
Physical properties  
The saline greywater from laundry detergents can affect soil salinity. As salts are 
not degraded in the soil, overloading the garden with salts causes degradation of 
the soil structure and permeability.  Several studies have investigated the 
movement of applied greywater through soil profile. This is mostly described as the 
infiltration rate or as hydraulic conductivity (Ks), which describes the ease of which 
water can move through pores. Amoozegar  et al.  (2004)  reported that the 
application of saline greywater from laundry and dishwashing machine in sandy 
soils resulted in initial increase in Ks before declining over time. Abu-Zreig et al. 
(2003),  through experimental works,  observed  that  the application of anionic 
surfactant at a concentration in the range of 3000 mg/L
 resulted in a decrease in 
hydraulic conductivity in both loamy and sandy loam agricultural soils. Patterson,     20 
(1996) demonstrated in this study that increasing SAR will cause a decrease in a 
soil’s Ks of the soil in column studies. 
 
Capillary rise  (Pc)  indicates the attraction of water molecules to soil particles 
through the soil pores. Thomas (1971) concludes that capillary conductivity or the 
transmission rate of water was higher in a drying soil. Intensive studies on capillary 
rise have been conducted in Israel by Wiel-Shafran et al. (2005) and Gross et al. 
(2005). Reduction of capillary rise due to elevated laundry detergent solutions 
concentrations (anionic surfactant concentrations ranging from 0 to 1000 mg/L) in 
sand columns was found by  Weil-Shafran  et al.  (2006).  They also found a 
significant  presence  of anionic surfactants,  up to 60 mg/kg in soils that were 
irrigated with greywater. Results from Gross et al. (2005) also suggest that soil 
irrigated with greywater might become more hydrophobic as a result of the effects 
of surfactants on the capillary rise in loess sands. Thus the decline of leaching 
rates over time is expected when regular irrigation with water containing surfactant 
and salts is performed, because of the accumulation of surfactants and salts in the 
soil profile. 
 
Soil salinity  
The direct effects of greywater on soil chemistry can include changes in salinity. 
Irrigation water containing high levels of sodium (Na) causes degradation of the 
soil structure and permeability. Salinity management is often critical for successful 
greywater irrigation and can be quantified by using a SAR index (Lazarova and 
Asano, 2004). The SAR is an index of the ratio of Na to Ca and Mg as follows:      21 
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2 2 + + + + = Mg Ca Na SAR              Equation  2.1 
 
SAR of greywater  from use sites generally exceeds 4 with an average of 5.9 
(Gross et al., 2008). SAR in laundry greywater alone can reach up to 12.32 (Misra 
and Sivongxay, 2009) which is higher than the recommended value of 4 (ANZECC 
and ARMCANZ, 2000). Irrigation water salinity ratings based on EC and plant 
suitability can be referred to Table 2.4.  
                                                      
Table 2.4.  Irrigation water salinity ratings based on electrical conductivity 
(ANZECC and ARMCANZ, 2000) 
EC (dS/m)  Water salinity rating  Plant suitability 
<0.65  Very low  Sensitive crops 
0.65-1.3  Low  Moderately sensitive crops 
1.3-2.9  Medium  Moderately tolerant crops 
2.9-5.2  High  Tolerant crops 
5.2-8.1  Very high  Very tolerant crops 
>8.1  Extreme  Generally too saline 
 
 
 
Long-term and continued use of water with a high-adjusted SAR  will lead to a 
reduction of soil infiltration ability  and permeability  (Weil-Shafran  et al., 2006; 
Stevens, 2006). Qian and Mecham (2005) suggested that management such as 
Ca  product topdressing or amendments and frequent aeration  are  needed to 
mitigate these effects. In Jordan, the increase of SAR in soil over time was found in 
sites that used treated greywater for olive trees and irrigation of some vegetable 
crops. In order to reduce this effect, soils should be flushed with fresh water (Al-
Hamaiedeh and Bino, 2010). 
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The effects of salt found in greywater, especially Na, on soils can be measured by 
the ratio of salinity as EC to sodicity as SAR. The change is affected by the bulk 
solution salinity containing Na, which tends to be adsorbed in the soil exchange. 
This reaction may affect the soil’s physical and chemical properties. Warrence et 
al. (2002) illustrated that reduced infiltration and hydraulic conductivity, and surface 
crusting caused by Na, can be mitigated by the flocculating effects of increased 
salt levels, or an increase in EC. Conversely, even relatively low sodium levels may 
cause dispersion if EC levels are sufficiently low. 
 
Surfactants and water repellent soils 
The ability of surfactants to dissolve relatively insoluble xenobiotics is well known 
and has been exploited extensively in many industries (Haigh, 1996). By design, 
surfactants are able to dissolve and keep in solution chemicals that normally have 
low solubility. As such, surfactants are not only used in household cleaning 
products, but also used in turf areas to improve wettability of water-repellant soil 
(Feng et al., 2002). This agrees with Cisar et al. (2000) and Kostka (2000) who 
reported that surfactants decreased the incidence of localized dry spots and 
generally improved tuft quality.  
 
Water repellent behaviour in soil is caused by dry coatings of hydrophobic material 
on soil particles or aggregates, as well as hydrophobic organic matter, such as 
fungal strands and particles of decomposing plant material. Depending on the 
severity of water repellency, water drops will penetrate the surface after a few 
seconds, or for extreme water repellency, infiltration may be delayed for hours or 
even days (DeBano, 1981; Doerr et al., 2000). Since water infiltration into water     23 
repellent soil-profiles is partial, it makes the water unavailable for the plant roots. If 
some water penetrates the profile, it is characterized by preferential flow path 
causing the soil to wet in some places, and remain dry in other places. In Western 
Australia, up to five million hectares are  affected or have  the potential to be 
affected by water repellency or non-wetting (Blackwell, 1996). These are mainly 
sandy soils with less than 5 per cent clay content in the West Midlands, Swan 
Coastal Plain and the South Coast sand plains.  
 
In soil remediation, the surfactant may assist in the adsorption, mobility and 
degradation of other organic substances in soil. Liu and Roy (1995) revealed that 
sodium dodecylsulfate  (SDS),  an anionic surfactant,  successfully removed the 
hydrophobic organics from soil during in situ flushing. However, according to Abu-
Zreig (2003), although surfactants used for soil conditioning and those used in 
detergents belong to a similar group, they differ in chemical structure, chemical 
characteristics and physical properties.  
 
2.8.2   Plants  
Irrigation with greywater can, in some plants, supply all the nutrients required for 
crop growth. Important nutrients to consider for the crop growth of greywater 
irrigation are P, N and K. Levels of N and other plant nutrients are always low 
(Jefferson et al., 2004), but in some greywater high concentration of P can be 
found, owing  to detergent use.  
 
There is currently very limited information on the effects of greywater irrigation on 
landscape plants,  with short-term  studies constituting most of the information     24 
available  (Roesner et al., 2006). However, many studies have been done to 
evaluate the impacts of greywater irrigation on crop plants, most probably because 
of the possible health risk from human consumption.   
 
In South Africa, a small-scale greywater pilot study  was used to determine the 
microbiological impact on food crops such as spinach, green peppers, madumbis, 
potatoes, onions, beetroot and carrots (Jackson et al., 2006). The study highlighted 
that raw crop  vegetables irrigated with greywater posed a higher risk than 
vegetables with skin. It is highly recommended to install a greywater treatment to 
reduce pollutants. In Israel, Gross et al. (2008) noticed brown patches (chlorosis) 
on lettuce plants caused by the elevated salinity and B levels in the leaves. 
Nevertheless, irrigation of crop plants is possible but should only be done following 
primary treatment.  
 
Lazarova  and Asano  (2004)  claimed  that the most  common phytotoxic ions in 
municipal effluents are B, Cl and Na. Large quantities of B can be toxic to plants 
and typically come from water softeners, cleaners and detergents, largely in the 
form of sodium perborate, which is commonly used for whitening purposes. B can 
be toxic at levels only slightly greater than those required by plants for good 
growth.  According to ANZECC (1992), B concentration lower than 1 mg/L is 
essential for plant development but higher levels can cause problems in sensitive 
plants. Lazarova and Asano (2004) later indicated that B can be found in urban 
wastewater at concentration levels as high as 5 mg/L with an average of 1 mg/L. 
Gross (2006)’s study found greywater’s B concentrations to average at 1.3 mg/L – 
levels which may limit the growth of plants.      25 
Na and Cl are usually absorbed by the roots but can also enter directly into the 
plant through the leaves when moistened during irrigation. This typically occurs 
during periods of high temperature and low humidity. High levels of Na can cause 
discoloration and burning of leaves, and can contribute toward an alkaline soil 
condition. In addition, high Na can be toxic to certain plants and can prevent Ca 
absorption in plants.  
 
The uptake of trace elements in soils depends on  the chemical forms of the 
elements, which can be exchangeable, sorbed, organic-bound, carbonate and 
sulfide forms. Their accumulation by plants depends on the availability of trace 
elements in the soil to plant roots;  the rhizosphere environment, and the 
characteristics of the plant root system. Wu et al. (1995) revealed the effects of 
simulated greywater on plant growth (high concentrations of Cl
-, Mg
2+, Ca
2+, and 
K
+)  can reduce growth reduction in plant  species that accumulated more Cl
-. 
Stevens (2006) stated that elevated Cl levels can cause foliar injury to crops and 
cause an increase in uptake of heavy metals such as cadmium from soil.  
 
2.8.3   Groundwater 
Knowledge and experience of  the behaviour of pollutants during greywater 
infiltration through the soil profile is currently lacking in the literature. One study 
reported the effect of greywater infiltration into groundwater in a Swedish holiday 
village consisting of 269 houses and covering an area of some 160 hectares. This 
study  also  found a slight elevation in the content of NO3
-  in the groundwater 
compared with data from 1972, with the highest concentration being 4 mg NO3
- N/L 
(Jacks et al., 2000).      26 
Among wastewater or greywater pollutants, NO3
- is of concern because excess 
amounts can pollute supplies of groundwater. This agrees with Lamond  et al. 
(1999), who noted that NO3
-, from both natural and human activities, is a common 
groundwater contaminant. The high NO3
- and NO2
- proportions in the ecosystem 
radically, mainly due to the application of manures containing NO3
-. They are 
known to cause several health effects: NO3
- impairs the functioning of the thyroid 
gland and NO2
- decreases the oxgen-carrying capacity of the blood because of its 
reactions with haemoglobin in blood. Methemoglobinemia in infants, or “blue baby” 
syndrome, is one such health risk. 
 
In greywater, the high level of NO3
- may result from urine. The high level of NO3
- in 
groundwater can also be due to the addition of fertilizer to soils, livestock waste 
and septic systems. United States national mean NO3
- values for greywater ranged 
from 0 to 5.5 mg/L, however monitoring years showed compliance with the mean 
(Peter and Stewart, 2002).  
 
Lazarova and Asano (2004) mentioned that pollution of N in groundwater presents 
a health concern. This usually results from excessive application of nutrients in 
areas having permeable soils. N can be carried in run-off or through lateral flow of 
groundwater to water bodies such as streams, lakes, canals and drainage ditches, 
encouraging  algae growth. For this  reason, monitoring of groundwater beneath 
greywater irrigation areas is an essential indicator of environmental performance. 
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2.9    GUIDELINES AND REGULATIONS OF ENVIRONMENTAL RISKS ON   
     THE USE OF GREYWATER    
The use of poorly treated greywater for irrigation may present hazards to crops, 
landscape plants and the environment. Maimon  et al.  (2010)  argued that the 
environmental risk associated with greywater irrigation is often underestimated. 
The existing regulation prioritized the protecting of public health over the 
environment.  It has also been  documented that greywater reuse occurs in 
households in the Middle East regardless of its legality (Redwood, 2010). Similarly, 
this situation happens in the developing nations where reuse of greywater is often 
unregulated and common.  
 
Effects of physical parameters, pH, EC, and chemical constituents, e.g., Cl, Na and 
boron (Gross, et al., 2008), surfactant (Wiel-Shafran et al., 2005), oil and grease 
(Travis et al., 2008) and xenobiotics (Eriksson et al., 2002) in greywater irrigation 
have been reported in the literature. Concerns in recent years over these potential 
environmental risks have been summarized in Table 2.5 by Maimon et al. (2010). 
However, only two recommended limits have been established for these important 
constituents, as seen below. Israel, where the measure of these constituents has 
been strictly regulated,  appears to be at the forefront of the move to maintain 
environmental safety.  Soon, it is expected  to pass a law that would legalize 
greywater use from showers, bathroom sinks, and washing machines for outdoors, 
e.g.,    landscaping,  and indoors for toilet flushing  (Water  Intelligence, 2010).  In 
Australia, the suitability of wastewater reuse for irrigation can be assessed 
according  to ANZECC and ARMCANZ (2000). 
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The release of the revised Code of Practice for the Reuse of Greywater in Western 
Australia  (2010) has highlighted the need to minimize negative impacts on the 
environment from greywater. Beside the common given advice on selection of 
household products, other interesting points (h-j, page 13) are: 
 
h) Greywater systems within a  proclaimed public drinking water source area, 
located in designated Priority 1 areas, wellhead protection zones or reservoir 
protection zones (as defined in published drinking water source protection plans or 
land use and water management strategies) must be approved in writing by the 
Department of Water.  
i) If within a Priority 1 Drinking Water Source Protection Area, the PRI of the soil 
will need to be assessed by a soil scientist. Soil tested must be collected from the 
soil in which the greywater is to  be irrigated. The testing procedure must be 
conducted by a NATA registered laboratory. 
j) System flow rates on coarse sandy soil/gravel should be carefully designed 
to avoid greywater directly entering surface water bodies. A minimum vertical path 
length of 600mm soil absorption zone is required for all types of soils to comply 
with AS 1547:2000 i.e. 600mm of vertical absorptive soil between water bodies and 
the greywater land application area. 
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Table 2.5.  Environmental hazards associated with reuse of greywater for 
unrestricted irrigation 
Parameter   Possible impact (Maimon et al., 2010)  IME (2010)  ANZECC  
and 
ARMCANZ 
(2000) 
pH  Corrosion of equipment, damage to biota, 
changes in biochemical processes 
6.5-8.5  6.5-8.5 
EC  Reduction of plant productivity, possible 
changes in soil properties 
1.4 dS/m  950-1900  
µS/cm 
Cl
  Accumulation in soil may adversely affect 
Plants 
250  - 
Na or SAR  Exacerbation of soil erosion, changing of soil  
hydraulic conductivity and reduction of plant 
growth 
SAR=5, 
Na =  
150 mg/L 
SAR=4   
Na= 
230 mg/L) 
Boron  Accumulation in soil may be toxic to plants  0.4  - 
P  Eutrofication if excess concentrations reach 
surface water, including bio clogging of 
equipment 
5 mg/L (TP)  - 
Surfactants  Accumulation may change soil hydraulic 
conductivity, plant toxicity 
2 mg/L  - 
Oil and grease  Accumulation may change soil hydraulic 
conductivity, plant toxicity 
-  - 
Xenobiotics  Toxicity to biota  -  - 
 
Greywater disposal system  
Australia is often considered to be a leader with respect to greywater policies (Allen 
et al., 2010). Specific  regulations and requirements vary by state  as shown in 
Table 2.6. For example, in sewered areas in NSW, SA and WA, a resident may 
require permission from local water authority to divert pipes away from the septic 
system to accommodate the use of greywater. At the national level, Australia has 
developed guidelines for greywater use, Australian Guidelines for Water Recycling: 
Managing Health and Environmental Risks (NWQMS, 2006) to ensure the safe use 
of wastewater and greywater which is based on risk assessment. Similarly, all 
plumbing materials used will also have to comply with the Australian standards.  
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Table 2.6. Summary of  regulatory  process for greywater  recycling in 
Australian jurisdictions 
Step  WA  SA  VIC  NSW  QLD  TAS  NT  ACT 
1  Approved 
unit by DOH 
Approval to 
install from 
DoH only 
 
Approved 
unit by EPA 
Accreditation 
by NSW 
Health 
Approval 
to install 
from LGA 
Approved 
unit by Dept 
of Infrstrct, 
Energy and 
Resources 
Approved 
unit by Dept 
of Health 
and 
Community 
Services 
Approval to 
plumbing 
only from 
ACT 
Planning 
and Land 
Authority 
2  Approval to 
Install from 
LGA 
-Nil-  Approval to 
install with 
‘septic tank 
permit’ from 
council 
Materials 
authorisation 
from Dept. of 
Land & 
Water 
Conservation 
Licensed 
plumber 
Approval 
permitted in 
unsewered 
areas from 
LGA 
Licensed 
plumber 
-Nil- 
3  Licensed 
plumber 
-Nil-  Licensed 
plumber 
Sewerage 
works 
approval by 
LGA 
Rebate 
application 
-Nil-  -Nil-  -Nil- 
4  Inspection 
by LGA 
-Nil-  -Nil-  Approval to 
install from 
LGA 
-Nil-  -Nil-  -Nil-  -Nil- 
5  Permit to 
Use from 
LGA 
-Nil-  -Nil-  Operation 
approval 
from LGA 
  -Nil-  -Nil-  -Nil- 
6  Rebate 
application 
-Nil-  -Nil-  -Nil-  -Nil-  -Nil-  -Nil-  -Nil- 
Abbreviation: Western Australia (WA), South Australia (SA), Victoria (VIC), New South Wales (NSW), Queensland (QLD),  
Tasmania (TAS), Northen Teritory (NT), Australian Capital Territory (ACT), Environmental Protection Agency (EPA), Local 
Government Agency (LGA). 
 
 
Other regulatory approaches catering for environmental risk  
Several formal policies on greywater reuse have been adopted in other countries. 
In order to lessen  the  risks to the environment, regulations restricting the 
application of  greywater use have been put in place.  However,  Maimon  et al. 
(2010) point out that the regulations rely on reduction of the maximum risks, and 
work by controlling source activities. For example, in California, the inclusion of 
kitchen effluent in an untreated greywater stream is prohibited (California, 2009). 
Some jurisdictions  (Arizona, 2001)  and California are concerned about the 
possibility of pathogens in greywater being introduced from the washing of heavily 
soiled laundry and diapers. Such  water should be disposed of  through the 
blackwater sewerage system or septic tank and not reused (DOH, 2005).  
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In order to perform a soil assessment, the California Greywater Code-CAC (Title 
24, Part 5, Appendix J, and Greywater Systems for Single Family Dwellings) 
requires soil percolation tests and/or soil analyses to be completed as the basis for 
determining the required area of disposal. Most authorities  prohibit surface 
irrigation,  although others allow it provided quantities are controlled, and soil 
saturation does not occur. 
 
The Code of Practice for Reuse of Greywater in WA (CoP) estimates the volume of 
greywater generated from the laundry and bathroom to be 42L and 51L per person 
per day respectively (DOH, 2005). These values, when multiplied by occupancy, 
equate to total greywater volume generated per household per day (refer Table 
2.7).  The estimation of greywater volumes based on the number of bedrooms 
alone can overestimate greywater loadings.  
 
Tchobanoglous and Leverenz (2008)  highlighted the importance of applying 
wastewater in small doses over large land areas. The reason for limiting dispersal 
systems of wastewater irrigation to the upper soil mantle (450mm) is to ensure 
minimal leaching of nutrient to the nearby water supplies. This is because the 
upper soil mantle is where the maximum number of soil bacteria, other soil 
microorganisms and soil carbon can be  found.  A trial in Northam, Western 
Australia  has shown that sub-surface dripline irrigation of turf with treated 
wastewater is more likely to limit the impacts of nutrients, salts, pathogens, and 
other potentially detrimental agents (Taylor et al., 2006) than irrigation from the 
surface. 
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Table 2.7. Anticipated volume of greywater generated according to number  
of bedrooms and minimum greywater irrigation area (DOH, 2005)  
No. of 
bedrooms in 
house 
Bathroom and laundry 
collection  
(93 L/person/day) 
Bathroom greywater L/day 
(51 L/person/day) 
Laundry greywater 
L/day  
(42 L/person/day) 
  Anticipated 
vol.(L/day) 
Min. 
irrigation 
area (m
2) 
Anticipated 
vol. (L/day) 
Min. 
irrigation 
area (m
2) 
Anticipated 
vol. (L/day) 
Min. 
irrigation 
area (m
2) 
2  279  28  153  15  126  13 
3  372  37  204  20  168  17 
4  465  47  255  26  210  21 
 
 
2.10  GREYWATER AND MONITORING WORKS USING A LYSIMETER 
An overview of the Australian Guidelines for Water Recycling  (NWQMS, 2006) 
includes monitoring procedures for evaluating the long-term behaviour of greywater 
practice in house gardens. Such long-term behaviour should reflect the leaching 
behaviour of the substances through the soil profile into the groundwater. In fact, 
when the pollutant load in the irrigation water exceeds the soil’s capacity to retain 
pollutants, there is a threat to groundwater contamination (Gerritse et al., 1990). 
This is typical for the sandy soil type predominant in many parts of Perth, Western 
Australia, a soil considered to have limited capacity to retain pollutants.  
 
Studies of  the impact of greywater in irrigation have raised concerns over its 
interaction  with  and infiltration through the soil profile. However, none have 
considered the fate and transport of chemicals or leaching through the soil profile 
using lysimeters. In fact, when the pollutant load in the irrigation water exceeds the 
soil’s capacity to retain pollutants, there is a  threat of groundwater contamination 
(Gerritse et al., 1990). To evaluate greywater’s impact on land use, it is essential to     33 
intercept the water and solute migration and determine the fates of organic and 
inorganic constituents in the soil.  
 
The most well-known device is a lysimeter, which has several meanings in the soil 
science literature; it is mostly described as a sampler device permanently installed 
in the soil to sample soil solution (or leachate) periodically  (Sala  et al., 2000). 
Lysimeters collect gravitational water either with (tension) or without (zero-tension) 
applied suction to extract water. A number of studies have compared  the 
concentration of chemicals collected by both kinds of lysimeter; summaries can be 
found in Haines et al. (1982); Zhu et al. (2002) and Marques et al. (2005).  
 
According to Jemison and Fox (1992); Zhu et al. (2002); Mertens et al. (2005) and 
Weihermuller et al. (2007), the simplest and least expensive lysimeter is the zero-
tension pan lysimeter (ZTLP). These pan lysimeters have been used extensively 
over the years to assess drainage water quality and to a lesser extent to estimate 
water flux. ZTLP relies on the gravitational flow and macropore size; the soil above 
the pan has to be saturated before water can be collected and sampled (Goyne et 
al. 2000; Zhu et al. 2002; Mertens et al. 2005; Kasteel et al. 2007; Gee et al. 2009). 
Among  their  applications  is  their  extensive  use  in agriculture and forestry to 
monitor the vertical movement of pesticides. 
 
However,  the ZTLP is difficult to install, can cause  site  disturbance  and  a 
divergence of water flow around the system, which prevents accurate quantitative 
estimates of  flux concentrations  (Weihermuller  et al., 2007). Conversely, for 
tension lysimeters (TL), large soil pits do not need to be dug as they may use soil     34 
cores. TL are widely used to sample soil percolation. A vacuum is applied to the 
interior of a porous ceramic cup and soil percolate is pulled into the cup and held 
until collection.  However, the placement of TL  above the soil can result in 
disturbance by surrounding activities and it is not suitable for on-site work in the 
long term. This limitation confirms the need to improve the ZTL as a sampler to 
monitor the reaction of soil water in greywater irrigation in households.  
 
2.11   CONCLUSION 
There are several motivations for the present study into environmental problems 
associated with laundry and bathroom greywater. The main environmental concern 
when using greywater for irrigation is its salinity and its direct and indirect effects 
on the applied area. High Na and low Ca and Mg minerals in the water or in the soil 
may lead to waterlogging and permeability problems. Some of the elements - 
phosphorus, boron and salts - are essential for plants but all can become toxic at 
the elevated concentration that may be induced by greywater application. Some 
research has  shown that greywater contains high concentrations  of surfactant, 
which can alter soil properties. Surfactant content in greywater suggests that 
application of greywater, even if treated, can cause soil damage in the long term. 
The promotion of environmentally friendly detergents and/or mixing of fresh water 
with the greywater used in agriculture can improve its use.   
 
The evaluation of changes occurring in soil chemistry as a result of greywater 
irrigation requires a collection of soil samples with minimal disturbance. Analysis of 
solutions under field conditions is preferable for soil chemical characterization and     35 
indicates that the ZTL can be used to fulfil this purpose. Therefore, ZTL samples 
are useful for sampling soil solution held and have minimal effects on the soil.  
 
Current greywater policies in many countries are very restrictive of on-site 
greywater use, being responsible for  public health. Policy and regulatory 
frameworks that provide consistent rules and regulations should balance the public 
health and environmental risks with the responsible expansion of greywater use. In 
the literature in this review, the recommended limits for the maximum concentration 
of Na, and other parameters in greywater and its impact on environment are not 
well described and only highlighted through  IME (2003) and ANZECC and 
ARMCANZ (2000). Finally, greywater policy should be harmonized with World 
Health Organization (WHO) standards and local plumbing and building codes in 
order to avoid contradiction and complication. 
 
This literature review has highlighted the main issues that justify further research 
and which are the subject of the following chapters.  
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CHAPTER 3 
AN INEXPENSIVE, ZERO-TENSION LYSIMETER FOR USE IN GREYWATER 
IRRIGATION MONITORING 
 
 
3.1   INTRODUCTION  
Zero-tension lysimeters (ZTLs) have been used for many years to collect water that 
moves through the vadose zone. Conventionally, ZTLs consist of shallow pans or 
troughs that are inserted laterally into the soil from an access pit or trench. 
However, the conventional design and installation of ZTLs involves a number of 
problems. First, digging access pits or trenches to depths appropriate for sampling 
subsurface materials may be impractical or prohibitively costly. Second, the digging 
process during ZTL installation may alter physical conditions and limit 
interpretations and predictions, leading to questionable data.  
 
With these limitations  in mind, an appropriate zero-tension lysimeter (ZTL) was 
developed as a tool that can be used to collect leachate from greywater irrigation in 
household gardens. Two newly designed zero-tension lysimeters, ZTL (N1) and 
ZTL (N2), were compared to the conventional pan lysimeter (ZTLP) for feasibility. 
The aim of this study is to consider how effective these lysimeters are as reliable 
drainage monitors of greywater flows within the root zone with surface application. 
Furthermore, the lysimeters acts as sample collectors for determining the chemical 
composition of the leachate. The material cost of an individual lysimeter (ZTL) is 
approximately AUD 20 excluding labour.      37 
  
3.2   MATERIALS AND METHOD 
3.2.1  Site description 
The study was conducted at the Environmental  Technology  Centre, Murdoch 
University, WA, from March to September 2008. Figure  3.1  shows the ZTL 
locations within the 1.15m x 1.2m block. To be representative of local conditions, 
the local landscape soil was used, as it corresponds to the sandy soil commonly 
rpresent in household gardens and landscapes  in Perth, WA. The soil 
characteristics presented in Table 3.1 were analysed by a NATA-accredited soil 
and plant laboratory.  
 
 
 
Figure 3.1. Block experimental set-up 
 
Three irrigation driplines were fitted to each cell at a spacing of 25cm and irrigated 
with potable tap water at a rate of 10mm per day; this is a maximum allowable 
application rate for greywater irrigation based on free-draining sands typical of the     38 
Swan Coastal  Plain  (DOH, 2005). This is  sufficient to meet the peak water 
requirement at high water consumption, assuming a crop factor of 0.8, multiplied 
by a maximum summer daily evaporation rate of 10mm, which produces a peak 
irrigation requirement of 8mm per day. Eight lysimeters; four zero-tension lysimeter 
pan (ZTLP) and four new zero-tension lysimeters, designated as ZTL (N1) and ZTL 
(N2), were attached to each duplicate block.    
 
Table 3. 1.  Result of soil analysis 
pH, EC  6.2, 1.021 dS/m  Boron (mg/kg)  1.1 
Nitrate N (mg/kg)  1  Total P (mg/kg)  420 
Ammonium (mg/kg)  14  Carbon %  8.13 
Phosphorus (mg/kg)  110  Total N (%)  0.18 
Sulphur (mg/kg)  463  Moisture (%)  5 
 
 
3.2.2   Zero-Tension Lysimeter (ZTL) design 
A ZTLP monitoring unit consists of a pan with a 240mm inner diameter funnel 
connected to a tube, a 10L collection tank and outlet tubes from these tanks that 
will be directed to the surface where the inspection tube is located as in Figure 3.2 
(c). Lysimeters ZTL (N1) and ZTL (N2) were constructed from: PVC pipes, 110mm 
inner diameter by 0.6m long, a pipe sewer adaptor, flexible tubing and a collection 
plate fitted with a mesh filter. Figure 3.2 (a and b) and Figure 3.3 show the newly 
designed ZTLs with different  flexible  tube locations,  to optimize the leachate 
collection. The flexible tubing provides access to the inside of the lysimeter once it 
is buried.  
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Figure 3.2. Schematic diagram of the lysimeters: (a) ZTL (N1) and (b) ZTL (N2) 
with different tubing location; compared with (c) ZTLP (or pan lysimeter)  
 
 
 
                     (a)                    (b) 
Figure 3.3. Photo of (a) ZTL (N2) and (b) ZTL (N1) 
 
 
 
 
 
 
(a)  (b)  (c)     40 
3.2.3  Installation of Zero-Tension Lysimeter (ZTL)  
All the ZTLs were installed 300mm below the surface, a depth considered the 
microbially active surface layer,  where most of the nutrients are utilized.  ZTLs 
should be buried deep enough so they do not interfere with surface soil operations 
and prevent root intrusion. However, Gazula et al. (2006) suggested that if the 
depth is too great the lysimeter may fail to intercept some of the vertical water flow 
below the root zone. 
 
A ZTLP or pan lysimeter installation involved (i) excavating a volume of soil (1m 
deep, 500mm wide), and (ii) preparing a tunnel between the conical base (pan) 
with plastic tubing to  transfer soil solution to a collection container. The  major 
excavation process is shown in Figure 3.4 (a), compared to a simpler installation 
for ZTLN in Figure 3.4 (b). The installation procedures for the ZTL (N1) and ZTL 
(N2) are illustrated in Figure 3.5.  
 
   
(a)            (b)   
Figure 3.4: (a) Major soil excavation process in the zero-tension lysimeter 
pan (ZTLP) installation compared to; (b) zero-tension lysimeter new (ZTLN) 
installation using a corer. 
Pan lysimeter 
(ZTLP) 
New or ZTLN 
lysimeter 
installation with 
special corer     41 
 
        (a)          (b)               (c)          (d) 
Figure 3.5.  Installation procedure for the ZTLNs: (a) a specially designed 
corer (internal diameter 100mm x length 300mm) was used to extract the soil 
to produce  the primary access hole for the lysimeter; (b) a second hole was 
drilled into the base (internal diameter 70mm x length 0.5:Dm) to form a 
primary access tunnel; (c) the ZTLN was inserted into the secondary hole 
and (d) the primary hole was carefully filled with intact soil from the specially 
designed corer, to minimize soil profile disturbance as much as possible.  
 
 
3.2.4  Leachate sampling and analysis 
All the samples from the ZTLs were collected on a weekly basis. Leachate was 
collected from the collection chambers of each ZTL using a pump powered by a 12 
V rechargeable battery. According to Carter and Gregorich (2008), leachate should 
be drawn from the lysimeter reservoirs on a regular sampling schedule, typically 
weekly, biweekly, or monthly (Gazula et al., 2006). The monitoring should avoid 
having solutions left in the reservoir for a long time, where chemical change from 
decomposition  of dissolved organic carbon or the dissolution of suspended     42 
colloidal materials  can occur.  Mitchell  et al.  (2001)  noted that chemical 
transformations of certain forms (e.g., NO3
- 
and NH4
+
) can be very labile; other 
forms  (e.g., SO4
2-
, Ca
2+
) are more inert. However,  according to Clough  et al. 
(2001), changes of NH4
+, NO2
- and NO3
- concentration after storage for 10 days 
are minor (≤ 1 mg L
-1).  
 
A tensiometer, HANA model HI 83900 (Rootzone, Australia) was selected to use 
as a tension lysimeter (TL) to compare with the ZTLs as seen in Figure 3.6. The 
tensiometer  was a porous ceramic cap connected to a transparent tube for 
leachate extraction. The comparison was made to give an insight into the effects of 
applied tension on leachate  chemical composition. Leachate  was  collected and 
analysed for the following parameters: total suspended solids (TSS) by the 
gravimetric method; nitrate (NO3
-) by the cadmium reduction method; ammonium 
(NH4
+) by the Nesslerization method; total nitrogen (TN) and total phosphorus (TP) 
by the persulfate digestion method; reactive phosphorus (PO4) using the ascorbic 
acid method; chloride (Cl) by the mercuric thiocyanate method and boron (B) by 
the azomethine method.  All were measured by spectrometer using the HACH 
2010, an USEPA-approved method. In  situ measurements  of pH and 
Electroconductivity (EC) were obtained with an AQUA meter (TPS, Australia).  
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Figure 3.6. Tension lysimeter installed in the block study for leachate  
         chemistry comparison with zero-tension lysimeter 
 
3.2.5  Leachate volumes using the  Water Balance Method  
Lysimeters collect soil solution, and thus are not, per se, a flux measurement of 
ecosystem losses. The variation of quantity of leachate collected between ZTLs 
varied even with similar conditions. Quantification of leachate in the ZTLs therefore 
must be coupled with a water-balance model to estimate fluxes below the rooting 
zone. Coupled ecosystem and hydrologic models should be customized to each 
site, and require significant knowledge about the climatology. The water balance 
method is based on the principle of mass balance:  
 
Input = Output  +  Change in storage     (Thompson, 1999)    Equation. 3. 1 
 
Using water-balance terminology, the simplified mass balance is:  
SM RO E PI t ∆ + + =        (Thompson, 1999)    Equation. 3. 2 
Tension 
lysimeter     44 
 Where PI  (precipitation + irrigation) is the total input:  t E  is the evapotranspiration, 
ROis the run-off and  SM ∆ is the change in soil moisture storage.  
 
The evapotranspiration values were obtained from the Bureau of Meteorological 
(BOM) of Western Australia  using the Penman-Monteigh  equation, as 
recommended by the United Nations Food and Agriculture Organization in their 
Irrigation and Drainage paper 56 (FAO56). The FAO56 method is an approved 
standard for the UN World Meteorological Organization, of which the BOM is a 
member agency. The climate and weather data information were obtained from the 
Murdoch weather station  located  1.7 km  from  the  block study area (32.07
oS, 
115.83
oE). The steps for calculating the water balance are given in Appendix 3.1. 
 
3.2.6  Statistical analysis 
Differences in leachate quantity of ZTLs collection between the two blocks and 
chemical composition of ZTLs compared to TL were analysed statistically using 
one-way analysis of variance (ANOVA) test to determine significant differences, 
and were performed using Sigmastat 3.5 (SPSS Inc.). A result was considered 
'significant' if the probability of the null hypothesis was equal to or less than 0.05 or 
(P≤0.05).  The  collection efficiencies  of the ZTLs between block A and B were 
tested for correlation using Pearson’s Method. 
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3.3    RESULTS 
3.3.1  Distribution of leachate volumes  
In the analysis, the volume of leachate collected by each sampler was measured 
and normalized by the cross-sectional area of the 2L measuring cylinder (diameter 
90mm) to give a measure of sample ‘depth’, reported in millimeters. The leachate 
volumes + S.E. between the ZTLs in block A and B, collected weekly from 18 June 
2008 until 14 Sept 2008 are presented in Figure 3.7.  
 
 
Figure 3.7. The scattered plot of ZTLs volumes in the two blocks 
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There was a large disparity in values among the ZTLs. One distinct group within 
the data was located above the average value and within the upper bound of the 
95% confidence limit. Volumes of ZTLP and ZTL (N1) collected were located in this 
limit. Another group lies near and out of the lower bound of the 95% confidence 
limit. The latter group of data was mostly produced by the ZTL (N2) in both blocks. 
The variance for this set of data was quite high, 155.42mm. The ZTL (N2) located 
in both blocks show relatively low values of leachate compared to the ZTLP and 
ZTL (N1) lysimeters.  
 
To improve the statistical validity, it is proposed that only the data from ZTLP and 
ZTL (N1) be considered and data from ZTL (N2) be removed. As expected, the 
scatter plot of Figure 3.8 shows that almost all the leachate volumes lie within the 
95% confidence limit. It was also found that the variance of the new set of data had 
improved  to 28.43mm,  which indicates  that the data were  well  distributed and 
consistent.  
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Figure 3.8. Variation of the volumes received from ZTLP and ZTL (N1) 
 
The ZTLP has a larger surface area (A = 45,239mm
2, 240mm inner diameter) than 
the new ZTLN (A = 9,503mm
2, 110mm inner diameter) and can store 21% more 
leachate. However, as can be seen in Table 3.2 the new ZTL (N1) has stored a 
higher mean leachate volume than the ZTLP, 135% and 106% in blocks A and B 
respectively. The reason for the efficiency of using ZTL (N1) is also explained in 
following section, 3.3.3. 
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Table 3.2. Percentage of mean volumes (mL) of leachate between lysimeters 
  ZTLP   ZTL (N1)   ZTL (N2)   ZTL(N1)/ZTLP (%)   ZTL(N2)/ZTLP (%)  
Block A   1152+ 245  
(n=28)  
1560+ 89  
(n=5)  
236+ 238  
(n=14)  
135   23  
Block B   1130+ 223  
(n=28)  
1201+ 326  
(n=14)  
1100+ 300  
(n=5)  
106   97  
Note: Surface area ratio of ZTLN (Internal diameter = 110mm, Area = 9,503mm
2)/ ZTLP (Internal 
diameter = 240mm, Area = 45,239mm
2) = 21% of leachate can be collected by pan ZTLP than new 
ZTLN. 
 
3.3.2  ZTLs correlation coefficient analysis 
In this analysis, a  correlation coefficient  was used to test whether there was a 
relationship between volumes collected in the ZTLP and ZTL (N1) located in blocks 
A and B. This  measurement used the  Pearson product-moment correlation 
coefficient or "Pearson's correlation". It was obtained by dividing the covariance of 
the two variables by the product of their standard deviations. 
 
Table 3.3 shows the values of correlation coefficients of leachate obtained from the  
ZTLP and ZTL (N1). Analysis showed there were three high correlation values, i.e.,  
r = 0.94, 0.91 and 0.86. The high correlation values indicate that there were high  
dependencies between the lysimeters. 
 
Table 3. 3. Pearson’s correlation coefficient for ZTLs 
  ZTLP(a)  ZTLP(b)  ZTL (N1)  ZTLP(c)  ZTLP(d)  ZTL (N1) 
ZTLP(a)  1.00  0.01  0.13  -0.26  -0.07  -0.09 
ZTLP(b)  0.01  1.00  -0.32  0.09  -0.35  -0.23 
ZTL (N1)  0.13  -0.32  1.00  -0.10  0.86  0.94 
ZTLP(c)  -0.26  0.09  -0.10  1.00  -0.37  -0.13 
ZTLP(d)  -0.07  -0.35  0.86  -0.37  1.00  0.91 
ZTL (N1)  -0.09  -0.23  0.94  -0.13  0.91  1.00 
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r = 0.94, ZTL (N1) lysimeter in both blocks were highly correlated.   
r = 0.91, ZTLP (d) in Block A and ZTL (N1) in Block B were highly correlated.  
r  =  0.86, ZTL (N1) in Block A were highly  correlated with ZTLP(d) in Block B. 
Similar correlation was found between ZTL (N1) located in Block B with ZTLP(d) 
located in Block A. 
The analysis of correlation coefficient showed that ZTL (N1)s were well correlated 
within the two blocks. The rest of the correlation coefficients were relatively low. 
Although there were many ZTLP available they were not highly correlated in both 
blocks. Taking  the  ZTLP lysimeter in Block B as a reference, the correlation 
coefficients with other ZTLP or pan lysimeters were significantly low. There was 
high variance between the ZTLP and the ZTL (N1), which performed relatively well 
in collecting leachate.  
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3.3.3  Collection efficiency of the ZTLs 
Another approach to evaluate the collection efficiency of the ZTLs was to use the 
percentage recovery which computes the ratio of mean measured leachate volume 
with the mean calculated leachate volume.  The calculated leachate volume 
incorporated a water balance using the Penman-Monteigh model. The percentage 
recovery  values  were  converted into percentage of absolute deviation from the 
mean calculated leachate volume (Table 3.4).  The  data  of  leachate volume  is 
recorded in Appendix 3.2. The computation of leachate volume was carried out 
using the water balance procedure as explained in detail in Appendix 3.3. The 
weather  observations taken between the months of April and September 2008 
referred to the nearest BOM weather station. The grass was planted between the 
months of July and September.  
 
Table 3.4 shows how ZTL (N1) performed in comparison to other ZTLs. The ZTL 
(N1) produced the lowest mean percentage deviation from the calculated volume 
(CV),  59.90%. The ZTLP and ZTL (N2) achieved  60.14% and 82.56%, 
respectively. However, the ZTLP seems to perform better than the ZTL (N1) during 
the months of July until September where the mean percentage ZTLP and ZTL 
(N1) were 56.32% and 63.29%, respectively. The ZTL (N2) produced inconsistent 
results with high variances. 
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Table 3.4. Percentage of deviation from calculated volume (using the water 
balance method) of measured leachate volumes among ZTLs   
 
Month  Week 
Calculated 
Volume 
(CV), 
mm  
Measured Mean Volume 
(mm)  %  ׀Deviation from CV׀ 
ZTPL  ZTL(N1)  ZTL(N2)  ZTPL  ZTL(N1)  ZTL(N2) 
Without grass  
              
              
Apr-08                      
   1+2  58.6  24.47  8.88  0  58.24  84.85  100.00 
   3+4  28.6  26.2  13.67  15.95  8.39  52.20  44.23 
May-08                      
   1+2  15.2  30.79  13.67  2.51  102.57  10.07  83.49 
   3+4  60.4  22.02  29.05  6.83  63.54  51.90  88.69 
Jun-08                      
   1+2  77.1  22.02  29.62  3.42  71.44  61.58  95.56 
   3+4  169.3  34.46  36.45  10.82  79.65  78.47  93.61 
   1+2                   
 
With grass                 
Jul-08                      
   1+2  44.2  34.17  31.89  5.7  22.69  27.85  87.10 
   3+4  170.9  32.63  36.45  5.47  80.91  78.67  96.80 
Aug-08                      
   1+2  32.8  33.12  33.94  7.46  0.98  3.48  77.26 
   3+4  15.7  33.49  36.45  5.58  113.31  132.17  64.46 
Sep-08                      
   1+2  20  30.19  34.74  6.83  50.95  73.70  65.85 
   3+4  99.4  30.75  35.88  6.26  69.06  63.90  93.70 
                       
  Mean volume without grass  63.97  56.51  84.26 
Mean volume with grass  56.32  63.29  80.86 
   Overall mean  60.14  59.90  82.56 
 
 
3.3.4  Leachate volumes to ZTLs location below the driplines 
Figure 3.9 shows leachate capture within the ZTLs located in the driplines. An 
estimation of the percentage of effective capture can be found by moving the locus 
of the circular opening of the ZTLs between the lines of two dripline points, 40cm 
apart (Table 3.5). It is clearly illustrated that the pan or ZTLP is more effective than 
the smaller opening of the new ZTLNs.  However, it is possible to improve the     52 
opening of the new ZTLNs if other factors such as proper installation procedure 
and hydraulic gradients are well maintained. 
 
                                    Water dripline 
 
 
 
 
 30cm depth 
 
 
 
 
 
  110mm diameter for ZTL (N1&N2)                  240mm diameter for ZTLP 
 
Figure 3.9.  Lysimeters located  in the driplines affected the leachate         
capture 
 
 
Table 3. 5. Efficiency of percentage leachate capture by ZTLs 
  Distance from the centre dripline hole 
  0mm  5mm  10mm  15mm  20mm 
ZTLP 
(Φ 240mm) 
100  78  57  34  13 
ZTLN 
(Φ 110mm) 
100  47  9  0  0 
 
 
3.3.5  Leachate chemistry  
The chemical composition of the leachate is given in Table 3.6. There was no 
statistically significant difference in the chemical composition of leachate between 
the TL and ZTLs installed in both blocks for most major chemical constituents, B, 
H2PO4, and NO3
-, NH4. However, there were some significant differences for TSS, 
TP, TN and Cl in TL, where the compositions were found to be lower than in the     53 
ZTLs (Table 3.6). The exception was H2PO4, which was found to be slightly greater 
in the TL than ZTLs (Table 3.6). 
 
The mean composition in the ZTLs for the six months is shown in Table 3.7. The 
monthly chemical composition is displayed in Figures 3.10 and 3.11. Among the 
ZTLs,  a  general pattern of seasonal variation during high and low rainfall was 
apparent. The leachate  had  higher composition:  Cl,  NO3
-  and  H2PO4
  and  NH4
+ 
during the high rainfall that occurred in June and July in all the ZTLs. No fertilizer 
was added in the soil; the nutrient deficiency in latter months was clear. 
 
Table 3. 6. Mean composition of leachate (± S.E.) collected with the tension 
lysimeter (TL) and zero-tension lysimeters (ZTLs). Results are based on three 
replicates.  
  pH  EC  TSS  TP  TN  B  NH4
+  Cl  H2PO4  NO3
- 
    μS/cm  Concentration (mg/L) 
Tension lysimeter                   
TL 
7.3 
(0.4) 
560
 
(10) 
46
 
(1) 
1.25
  
(0.15) 
4.75 
(3.15) 
0.21 
(0.50) 
1.49 
(0.08) 
21
  
(1) 
0.90 
(0.15) 
0.14 
(0.41) 
 
Zero- Tension lysimeter                 
ZTLP 
7.8 
(0.8) 
650 
(8.5) 
67
  
(2.57) 
4.9
  
(0.60) 
13
  
(0.4) 
0.27 
(0.16) 
1.52 
(0.26) 
27
  
(1.50) 
0.85 
(0.50) 
0.13 
(0.32) 
ZTL (N1) 
7.6 
(1.2) 
585 
(15) 
63.90 
(5.90) 
3.86 
(1.16) 
12.12 
(2.12) 
0.23 
(0.10) 
1.46 
(0.15) 
24 
(1) 
0.83  
(0.61) 
0.11 
(0.03) 
ZTL (N2) 
7.5 
(0.5) 
600 
(5) 
65.11 
(1.12) 
5.5 
(0.6) 
11.26 
(2.86) 
0.17 
(0.09) 
1.49 
(0.15) 
22 
(2) 
0.83 
(0.93) 
0.10 
(0.11) 
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Table 3.7. Summary of mean (± S.E.) of scheme water (TW) used for irrigation and leachate collected between three 
types of ZTLs, averaged from the 6 months of sampling. 
Sample    pH  EC  TSS  TDS  TP  TN  B   Cl  NH4-N  H2PO4  NO2 _N  NO3-N 
Code        μS/cm  Concentration (mg/L) 
Scheme water for irrigation                     
TW  Mean  7.0  500.00  33.33  323.3  0.23  0.21  0.75  0.25  26.67  0.16  0.00  0.06 
n=3  SE  0.1  4.08  1.70  30.6  0.03  0.02  0.03  0.05  3.12  0.06  0.00  0.05 
                           
Zero-tension lysimeter                       
ZTLP  Mean  7.1  608.75  65.66  393.2  4.58  9.92  0.18  1.14  25.84  1.23  0.23  0.14 
n=24  SE  0.1  26.24  2.22  5.7  0.57  0.85  0.21  0.13  2.70  0.16  0.26  0.28 
                           
ZTL 
(N1)  Mean  7.1  613.42  66.22  393.2  4.86  9.88  0.17  1.36  25.29  1.25  0.26  0.13 
n=10  SE  0.1  25.74  2.29  5.7  0.62  1.09  0.35  0.14  2.41  0.16  0.17  0.31 
                           
ZTL 
(N2)  Mean  7.0  616.83  65.04  396.3  4.96  10.67  0.17  1.36  25.75  1.22  0.23  0.13 
n=10  SE  0.2  35.28  2.08  9.7  0.80  1.00  0.28  0.16  2.37  0.10  0.18  0.30 
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Figure 3.10. Variability of leachate chemistry 
 
 
 
 
 
 
 
 
 
C
o
n
c
e
n
t
r
a
t
i
o
n
 
(
m
g
/
L
)
pH
5.8
6.0
6.2
6.4
6.6
6.8
7.0
7.2
7.4
7.6
7.8
8.0
EC 
45
50
55
60
65
70
75
80
TSS
56
58
60
62
64
66
68
70
72
74
76
Boron (mg/L)
0.05
0.10
0.15
0.20
0.25
0.30
0.35
Apr   May   Jun   Jul   Aug   Sep   Oct  
TP
2
3
4
5
6
7
8
9
Apr   May   Jun   Jul   Aug   Sep   Oct  
TN 
2
4
6
8
10
12
14
16
ZTLP  ZTL (N1) ZTL (N2) 
     56 
 
Figure 3.11. Leachate chemistry between ZTLs 
 
3.4    DISCUSSION 
3.4.1  ZTLs volumes and collection efficiency  
The effectiveness of the pan lysimeter (ZTLP) when used to collect soil solution or 
leachate is questionable. This agrees with the mean volume results obtained from 
this pilot-scale study, which provide volumes of leachate (Figures 3.7 and 3.8). 
Importantly, it appears that the volume of leachate collected by ZTLP has a high 
variance (Table 3.3). In contrast, the volume of leachate collected in the newly 
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designed ZTL (N1) was  consistent.  Both the statistical method and the water 
balance confirm this performance. 
 
It is shown that the larger surface area of the ZTLP is able to collect more leachate, 
as illustrated in Table 3.5, by being centrally located between the two driplines 
which are 40cm apart. The estimate of water captured by both ZTLs can be 
verified. However, as shown by the difference in leachate collection of ZTLP and 
ZTL (N1), the amount of leachate collected does not correspond to the surface 
area of the system but instead depends on its design efficiency (Table 3.2). It is 
apparent  that efficient design when  collecting  leachate  in the new  ZTL (N1) 
compared to ZTL (N2) comes from the location of the tubes (4mm diameter) in the 
lysimeter.  The lower volumes of the new ZTL (N2)  most probably relate to the 
reticulation system and the bending of the tubes can result in clogging and hence 
prevent smooth suction by the pump.   
 
Here, a water balance approach using weather data is used as an indicator of 
variability and complexity in the pattern of the constituents leaching in the soil 
profile. The estimation of the amount of  leachate  indicated that the extraction 
domain is related to the precipitation occurring for natural soils under atmospheric 
boundary conditions. This implies that the calculation of mass balance by utilizing 
the climatic conditions of the study area assisted in recognizing the actual volumes 
of leachate collected.  
 
The percentage of absolute deviation from the mean calculated volume (CV) of 
leachate is shown in Table 3.4. The results produce high deviations in the ZTL     58 
(N1), which is relatively good compared to other ZTLs. The ZTLP and ZTL (N2) 
produced high  scores  of  15.51% and 74.41% respectively. The ZTL (N1) has 
produced the lowest mean percentage deviation from the calculated volume (CV) 
of 3.90%. It seems that ZTL (N1) is a promising tool for use in future monitoring of 
greywater irrigation. 
 
The installation procedure for the ZTL (N1) minimized soil disturbance, making it a 
preferable  and  reliable tool for monitoring. Mitchell  et al.  (2001) stated that the 
inappropriate installation technique of  burying  the lysimeters can result in 
substantial disturbance to the soil. This disturbance can have a marked effect on 
soil water chemistry. For instance, such disturbance is associated with the 
stimulation of nitrification. Therefore, installation procedure is the primary concern 
in lysimeter works and it is paramount to ascertain whether any disturbances are 
affecting the results.  
 
3.4.2  Chemical composition of leachate 
Chemical composition analyses are effective in describing element fluxes, plant 
nutrient availability and chemical processes in the soil (Giesler  et al., 1996). 
Leachate is a good source of most nutrients used by plants, and the composition 
and dynamics of the leachate depend on interactions with the solid phases of the 
soil, as well as on the overall ecosystem.  
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Leachate collected by TL and ZTLs 
In comparative studies, leachate  collected from the TL showed fewer signs of 
chemical interaction (TSS, TP, TN and Cl) with the soil and the solution was less 
concentrated than solutions collected with ZTLs (Table 3.5). Indeed, the TL held 
under suction was unable to collect representative samples from the soil matrix 
sample.  One  problem with the  suction controlled lysimeters is that water and 
solutes can interact with the porous material used for the suction devices. Another 
problem is that the  natural matric potential  and  water flow streamlines  can be 
altered,  ultimately altering the composition of the leachate  (Weihermuller  et al., 
2007). Using ZTLs to obtain chemical composition in leachate is more moderate. 
Shepherd and Bennett (1998) claim that ZTLs are ideal for measuring a wide range 
of nutrients or contaminants in sandy agricultural soils in the UK.  
 
High and low rainfall influence the leachate  
Studies of the soil solution or leachate with ZTLs show that the concentrations of 
nutrients were of the same order of magnitude during the sampling campaign. The 
chloride ion (Cl) can be used as a tracer for soil water movement. White and 
Broadley (2001) showed little adsorption of Cl to soil components and, unlike NO3
- 
and SO4, Cl
 is not chemically altered by soil organisms. During the early part of the 
experiment, evaporation exceeded rainfall, and an upward movement of Cl was 
observed. After heavier rainfall, the soil water reached field capacity and a 
downward movement of Cl occurred. In the latter part of the experiment, 
precipitation and evapotranspiration were equal, and Cl redistribution was small. 
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Nutrients are present in the leachate in ionic form, the major nutrients as NO3
-, 
NH4
+, H2PO4
-, HPO4
2-, K
+, Mg
2+ and SO4
2- (Wild, 2003). The 1-2 % of N that is in 
inorganic or mineral form as NH4
+
 and NO3, is readily available for plants but also 
causes  the  most environmental problems  (Addiscott, 2005). In this study, the 
significant concentration of TP, TN and PO4 was influenced by the landscape soil 
type used in the blocks, which was prepared using organic nutrient-rich compost.  
 
Nitrate  (NO3
-)  is produced in the soil through mineralization of  organic matter. 
Microbes release NH4
+ and NO3
-, which will contribute to leaching if not used by 
plants (Addiscott, 2005). The increase in leachate nutrient levels (NO3
- and NH4
+) 
starting in June was the result of heavy rainfall during the months of June and July. 
This is supported by Sánchez  Pérez  et al.  (2003),  who  through  their  study on 
lysimeters found  an  increased NO3
-  in  leachate  during high rainfall events. 
Increased water flow and increased mineralization of soil organic matter during 
warm weather conditions greatly increase the possibility  of NO3
-  and NH4
+ 
leaching.  
 
Most of the P in soils occurs in inorganic forms as reactive P as H2PO4  or 
phosphate. Here the concentration of H2PO4 declined over time. The availability of 
phosphate in soil is strongly controlled by pH, and different forms of phosphate 
occur with increasing pH. The presence of soluble Fe or Al in acid conditions, and 
Ca at high pH, greatly reduces the availability of H2PO4 (Shepherd and Bennett, 
1998). In addition, soil microbes release immobile forms of P to the leachate and 
are also responsible for the immobilization of P (Schachtman et al., 1998). Also,     61 
the transport of P through the soil profile with texture-contrast is greatly enhanced 
by high rainfall rates.  
 
3.5    CONCLUSION 
This pilot study was designed to devise a method that could be utilized  for 
monitoring of greywater, and particularly, to show how a zero tension lysimeters 
can affect the movement and chemical composition leaching through soil. It is clear 
that monitoring using zero-tension lysimeters requires (i) a lysimeter that can be 
installed with a minimum of soil disturbance, (ii) a lysimeter that is convenient or 
small enough to install in a house garden but large enough to be representative, 
(iii) a system that consistently integrates leachate  sample collection over time. 
Evaluation of quantity and quality among the ZTLs found that the newly designed 
ZTL (N1) meets these requirements.  
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CHAPTER 4 
GREYWATER REUSE FOR IRRIGATION AT FOUR HOUSEHOLD SITES 
 
 
4.1   INTRODUCTION 
The application to the land of untreated domestic greywater such as laundry, bath 
and shower water for garden or lawn irrigation is widely practised in Western 
Australia to overcome water shortages during the low rainfall periods. Among 
greywater practices, a diversion system is the most simple and suitable for use in a 
domestic house. This system diverts greywater form the waste pipe and then filters 
the water as it passes through the filter mats. The pump then delivers the filtered 
water into the irrigation system. In some circumstances, some diversion systems 
may also involve disinfection. Currently, there is a variety of commercially available 
greywater diversion systems in Australia.  
 
However, the excessive use of greywater without treatment may invite 
contaminants into the environment (Eriksson et al., 2009; Gross et al., 2008; Travis 
et al., 2010). When greywater is used continuously as the sole source of irrigation 
water for landscape plants, excessive amounts of nutrients are simultaneously 
applied and their accumulation in the soil may cause unfavorable effects on quality 
of plants, as well as in groundwater by leaching in coarse textured soils. 
Consequently, management of irrigation with greywater should consider the 
nutrient content in relation to the specific plant requirements and the 
concentrations of plant nutrients in the soil, and other soil fertility parameters.     63 
This chapter examines the reuse of greywater for irrigation and its effects on soil 
and plants and the leaching of nutrients in sandy soils with reference to the 
selected household case studies in Perth, Western Australia. The case studies 
were selected to represent the variability of greywater expected in different 
characteristics. Furthermore, it provided a real-life context which allowed an 
understanding of actual operation to be developed and it allowed a measure of the 
efficiency of irrigation with greywater to be made.  
 
4.2     MATERIALS AND METHOD 
4.2.1   Selection of case studies 
Four case studies were chosen after an initial visit and interview with the 
homeowners. The houses were selected based on their characteristics that might 
influence greywater quality: house type (eg. village, detached or community), 
number of occupants, presence or absence of children and pets, greywater system 
type, and landscape characteristics (eg. soil type, vegetation and size of area for 
irrigation).  
 
All case studies were within the Perth Metropolitan area to ensure similar weather 
conditions as shown in Figure  4.1. Houses A and B were located at the 
Bridgewater Lifestyle Village (BWLV), a residential development in the City of 
Mandurah, 40 km south of Perth Central Business District (CBD), where the 389 
houses are each being fitted with an onsite greywater recycling system. House C 
was located at WhiteGum Valley, 20 km south west of Perth CBD. House D was a 
community house block located in Hamilton Hill, 23 km south west of Perth CBD. 
After identification of each house, ethics approval was sought through the Murdoch     64 
University Ethics Office (Ref. No: 2009/011). Subsequently, a letter of introduction 
and consent was sent to each house owner.  
 
 
 
Figure 4.1. Map of selected case studies in Perth, WA (accessed from the        
googlearth.com on 30 March 2009) 
 
The monthly rainfall at representative Bureau of Meteorological (BOM) stations is 
presented in Figure 4.2. The use of greywater was highest during summer/autumn 
in December to April, a period of low rainfall. The greywater system at houses A, B     65 
and D were shut down from May to October to accommodate the winter rain. 
House C however, operated the greywater system throughout the year.  
Figure 4.2. Monthly rainfall in Dec 2008 to Nov 2009 at each house observed 
from the nearest weather station.  
 
The selection of native plant species for house yard and landcape garden is made 
to optimize water savings when using greywater. Thick mulching was added for 
water efficiency and also to comply with the DOH requirement to cover the 
greywater dripline tubing with 100 mm of mulch. Dripline tubing is also more water 
efficient than sprinklers by ensuring the water is only applied to the soil 
immediately above the root zone. The example of selected species  found in 
Houses A and B are listed in Table 4.1 and shows the species that were used in 
the house yard and the evapo-transpiration trench system (ETT). 
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Table 4. 1.  Selected plant species for Houses A and B in Bridgewater 
Lifestyle Village (BWLV) homes gardens and evapo-transpiration trench 
system (ETTs) 
 
 
Botanical Name  Common Names 
List for ETT: 
Baumea articulata  Jointed Rush 
Baumea juncea  Bare Twig-rush 
Carex fascicularis  Tassel Sedge 
Ficinia nodosa  Knotted Club-rush 
Hemiandra pungens  Snakebush 
Juncus kraussii  Sea Rush 
Lobelia alata  Angled Lobelia 
Scaevola aemula  Fairy Fan-Flower 
Villarsia parnassifolia  Yellow Villarsia 
Added species: 
Carex Tereticaulis  Sedge 
Centalla asiatica  Pennywort 
Cotula coronopifolia  Waterbuttons 
Isolepis cernua  Nodding Club-rush 
Juncus pauciflorus  Loose Flower Rush 
Juncus subsecundus  Finger Rush 
Myriophyllum crispatum  Milfoil 
 
 
 
Three case studies have greywater diversion devices (GDD) installed. The GDD 
supplies coarse and primary levels of treatment without storage and can be either 
gravity or pump fed to the garden or the sewer. Primary treatment systems are the 
common and simple systems utilized in Western Australia where treatment is 
limited to the removal of coarse solids prior to discharge to the irrigation system. In 
Western Australia, GDD’s are assessed in accordance with the Australian 
Technical Specification ATS 5200.460-2005. The manufacturer obtains certification 
to the technical specification for plumbing and drainage products by way of a 
WaterMark licence (DOH, 2010). Table 4.2 gives a summary of the case study 
characteristics. 
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Table 4. 2. Summary of case studies information 
House details  Greywater sources   Greywater system  Landscape and irrigation 
House/Suburb  Occupancy  Bathroom  Laundry   Greywater 
System & Date 
installed 
Greywater 
technology 
Total 
block 
size (m
2) 
Size of  
greywater 
irrigation area 
(m
2) 
 
Vegetation 
 
Fertilizers used 
House A 
 
 
Mandurah 
 
2 adults   
Environmental 
friendly 
products 
 
Environmental 
friendly 
products 
AWWS 
Greyflow 00 
 
Installed:  
July 08 
GDD  280  25  Native vegetation 
 
 
 
Native slow release 
House B 
 
 
Mandurah   
2 adults + 2 pets 
 
 
Normal 
products 
 
 
Normal 
products 
Land & Water 
Technology, 
Land & Water 
Greywater 
Reuse System 
 
Installed:  
July 08 
GDD  280  25  Native vegetation 
 
 
Native slow release 
House C 
 
 
WhiteGum 
Valley 
 
2 adults + 2 
children 
 
 
Environmental 
friendly 
products 
 
 
Environmental 
friendly 
products 
GRS 
WaterSave 
Tank & Dripper 
System 
 
Installed:  
June 07 
GDD with 
sedimentation 
tank 
596  52.5 
Fruit trees & 
ornamental garden 
beds; roses 
 
Blood or bone,  
pelletized chook 
manure, homemade 
compost – composted 
cow manure, rock dust 
added every 3 month 
House D 
(Community) 
 
 
Pinakarri 
 
6 adults + 5 
teenage children 
 
House no.1=Bath and laundry 
House no. 2-5= Laundry only 
 
Bathroom: Variety of products 
Laundry: Environmental friendly 
products 
GRS 
WaterClear & 
Dripper System 
 
Installed:  
July 2008 
GTS with 
sedimentation 
tank and 
ozone 
generation 
2000  133  Lawn & fruit trees 
Horse manure below 
trees, sulphur to acidify 
the soil and ferum to 
supplement 
Note: 
Terminology based on Australian standard: GDD - Greywater diversion device, GTS-Greywater treatment system; Company product name: GRS- Greywater reuse system      68 
A questionnaire was designed and conducted to assess the factors that influence 
the greywater quality from each house including; type of washing machines, 
personal cleaning products and detergents used in the laundry and bathroom and 
gardening practices (Appendix 4.1).  Schematic diagrams for each site are 
illustrated in Figures  4.3  to  4.6  and their further characteristics appear in 
Appendix 4. 1.  
 
4.2.2   Greywater system 
The GDD for House A used the AWWS Greyflow 00 (AWWS) and House B used 
the Land and Water Greywater system (Land and Water). Greywater was collected 
from both laundry and bathroom and directed to a dual sponge filter to remove hair, 
lint and other suspended solids. After filtration, the greywater was pumped to the 
dripper system to irrigate the lawn or garden. A safety overflow device was fitted to 
enable wastewater to return to the sewer or septic system should this be 
necessary. Figures 4.3 and 4.4 show the schematic diagrams of the greywater 
system at Houses A and B.  
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Figure 4.3. House A schematic diagram with lysimeter sampler location 
 
 
 
Figure 4.4. House B schematic diagram with lysimeter sampler location 
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The greywater system for House C  was a combination of GDD and GTS. The 
system was the Greywater Reuse Watersave Tank-Dripper System (GWRS) with 
four parts; initially, greywater was diverted from the normal waste stream, then it 
passes through a sedimentation tank, into a pump chamber; and finally the 
greywater was dispersed throughout an interconnecting substrata dripper system. 
This enables larger particles such as hair, lint, soap flakes and sand to settle at the 
bottom of the tank, thus preventing blockage of the pipe and/or soil as the 
greywater is dispersed through the infiltration field. Figure 4.5  shows the 
schematic diagram of the greywater system at House C. 
 
 
 
Figure 4.5. House C schematic diagram with lysimeter sampler location 
 
The greywater treatment system (GTS) for House D used the Greywater Reuse 
WaterClear  Tank-Dripper System  (GWRS)  to treat greywater from several 
houses/units. This system was an adaptation and extension of the system used in     71 
House C. Because this system was designed to collect greywater from a number of 
houses, an ozone generator was included in it to reduce the risk of disease-
carrying organisms. Ozone was known for its effectiveness in destroying micro-
organisms (including bacteria), viruses, fungi, protozoans and other organic 
materials, compounds and odours. Figure 4.6 shows the schematic diagram of the 
greywater system at House D.  
 
 
 
Figure 4.6. House D schematic diagram with lysimeter sampler location 
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4.2.3   Irrigation system  
Greywater from the houses as reused in gardens via sub-surface irrigation at least 
100mm below the surface of soil or mulch. The nutrient content of typical organic 
household mulch is given in Table 4.3. All houses used a standard irrigation pipe 
connected to a network of substrata drippers. A purpose-built biomat filter was also 
placed before the dripper system to remove any hair or other solids which may 
inadvertently get pumped from the tank. The dripper pipe was Netafim pipe Tiran 
17 (purple coloured dripperline). A rotary K-Rain distribution valve was used to shift 
water to different irrigation zones. Each line (lateral) had either a manual or 
automatic flushing valve at the end of the line to flush residual solids. At least one 
vacuum breaker was installed at the highest point in the irrigation layout to prevent 
problems with wastewater dispersal. All gardens at case studies were covered with 
a 100 mm layer of mulch on top of the irrigation dripper pipe.  
 
Table 4. 3. Nutrient content in typical organic mulch applied in the household 
gardening in Perth (Forrest, 2011) 
 
Nutrient  ppm 
NO3 as N  28.67 
NH4 as N  9.33 
P  257.67 
Colwell K  >3000 
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4.2.4   Sampling   
Samples of effluent, leachate, soil and plants at each case study were collected 
between October 2008 to December 2009 which covered the high (spring/summer) 
and low (autumn/winter) production of greywater. Physical and chemical tests were 
based on the literature and expected components of laundry and bathroom 
greywater (Christova-Boal et al., 1996), particularly on greywater components likely 
to have detrimental impacts on soils, plants and other water bodies (Jeppesen, 
1996). 
 
Greywater effluent   
The greywater effluents from the washing machine, sinks and showers of Houses 
A, B and D were sampled monthly using a random grab samples at the outlet of 
the collection tank. Greywater from House C was taken from a container attached 
to the driplines. Samples were collected in poly-ethylene  containers and either 
analyzed immediately or stored at 4 + 1 
οC. 
 
Leachate  
Leachate samples were collected monthly using the newly designed lysimeter as 
detailed in Chapter 3. The setup of the lysimeter for monitoring work was shown in 
Figure  4.7. Three lysimeters were installed in each house in the greywater 
irrigated area around the garden. The leachate was collected in a container by a 
pump and poured into a poly-ethylene container.  
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      (a)                  (b)  
Figure 4. 7. A lysimeter sampler; (a) schematic diagram (b) placed under the 
greywater driplines at case study. 
 
Receiving soil and plants   
Three replicates of soil and plant samples from greywater irrigated plots were 
collected before the start of greywater irrigation in October 2008 to establish the 
baseline soil conditions and at the end of the irrigation period, in April 2009. The 
latter sampling was to check the greywater system before it was shut down during 
the rainy season. Soil samples were collected from the top 200mm of the active 
organic profile of the roots. The soil was air dried and passed through a 2-mm 
mesh sieve before being stored in poly-ethylene bags. Plastic bags with seals were 
used to store the samples and preserve their moisture content. Plant samples were 
also collected concurrently with soil sampling. Soil and plant samples were then 
immediately delivered to a NATA accredited lab for testing.  
 
 
Soil surface  Soil surface 
Electrical  
pump 
0  -  10   cm top soil 
10  -  20   cm sub soil 
4   mm diameter  
tubing 
Leachate  
Plant at the  
soil surface 
Tubing for air  
ZTL (N1)  
 lysimeter     75 
Groundwater samples; BWLV site, Erskine, Mandurah 
At the Bridgewater Lifestyle Village (BWLV) site where the Houses A and B were 
located, more detailed groundwater monitoring was undertaken. At BWLV, each of 
the 389 houses has been fitted with an onsite greywater system. The Department 
of Water (DOW) required a Nutrient Irrigation Management Plan to illustrate the 
impact of 389 greywater systems on the groundwater and nearby estuary. This site 
was located in an ecologically sensitive environment on a sandy soil closed to the 
Peel Inlet-Harvey Estuary and the Len Howard Reserve wetland of high 
conservation value. The nutrient application criteria at this site cannot exceed 9 
mg/L for nitrogen as NH4
+ and NO3
- and 0.6 mg/L for phosphorus as PO4 (DOW, 
2006). 
 
The surficial topsoil layer had an estimated permeability of 10 meters per day 
(Syrinx Environmental PL, 2004).  It can be categorized as Vulnerability Category 
A (DOW, 2006). The structure in the soil and the existing thin fresh water lens of 
about 0.5 to 1.0m with an underlying saline water table requires special attention. 
The site is susceptible to nutrient enriched water infiltrating the estuary and the 
wetland, as displayed in Table 4.4.  
 
Groundwater samples were collected before the monitoring work begun; in 2006 
and twice in 2008 and in the early of 2009. The sampling was based on the 
Groundwater Sampling Guidelines  (EPA, 2000). Firstly, stagnant groundwater 
needed to be removed until chemical equilibrium was reached to ensure only 
representativbe groundwater was collected. According to the EPA (2000) 
guidelines, the calculation to remove water during purging process is;     76 
Bore Volume = casing volume + filter pack volume 
 
) 4 / 4 / ( 4 /
2
2 2
2
1 1
2
2 1 d h d h n d h π π π − +            Equation 4.1 
 
Where: л = 3.14 
 n  = porosity (0.3 for most filter pack material) 
 h1 = height of water column 
 d1 = diameter of annulus 
 h2 = length of filter pack 
 d2 = diameter of casing 
 
Groundwater parameters measured in the field include pH, temperature, dissolved 
oxygen, conductivity and turbidity. Samples were poured in poly-ethylene 
containers and either analyzed immediately or stored at 4 + 1 
οC. 
 
Table 4. 4. Soil and receiving environment vulnerability categories  
        (DOW, 2006) 
Characteristics of Irrigated 
Soils 
Vulnerability to 
Eutrophication of 
Downstream Surface 
Waters (within 1km) 
Vulnerability 
Category 
Coarse grained soils  
e.g. sands and gravels 
Significant   A
a 
Low  B 
Fine grained soils (PRI above 10)  
e.g. loams, clays, peat rich 
sediment 
Significant  C 
Low  D 
 
a Vulnerability Category A characterized the irrigated soils as coarse-grained soils (eg sands 
and gravels). Eutrophication occurs at translucent inland waters where nutrient leaching from 
catchment land use results in occasional algal blooms; or where warm season dissolved 
inorganic nitrogen concentrations of one milligram per litre or more, and filterable reactive 
phosphorus (ortho-phosphorus) concentrations of 0.1 milligrams per litre or more, occur in the 
water body.  
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4.2.5   Analysis of samples 
The following physical and chemical parameters were determined on the greywater 
effluent, leachate and groundwater samples collected. The nutrient analyzes of 
ammonium (NH4
+), nitrate (NO3
-) and ortho-phosphate (PO4) were conducted using 
HACH (2010) method. BOD5  was determined by the 5-day incubation method 
(APHA, 1998) and measured by manometric method using Oxitop
®,  COD was 
analyzed using a closed reflux method, a HACH’s USEPA-approved method, and 
TSS by the gravimetric method according to standard methods (APHA, 1998). TDS 
was calculated by the measured EC values (TDS mg/L= 640 x EC (dS/m). Total 
nitrogen (TN) and total phosphorus (TP) were analyzed by the persulfate digestion 
method followed by UV analysis. Major ions (Ca, Mg, K, Na, Cl) and metal (B) were 
determined by the ICP-AES (Inductively Coupled Plasma-Atomic Emission 
Spectrometer) at a NATA (National Association of Testing Authorities, Australia) 
accredited lab. Soil and plant tissue samples were also analyzed for their physical 
and chemical parameters by a NATA accredited laboratory.  
 
4.2.6   Statistical analysis 
Differences in nutrient concentrations in leachate, soil and plants  between plot 
which were irrigated with greywater, reference plots and between houses were 
evaluated using a Tukey’s multiple comparison. The statistical analyses were 
performed using Sigmastat 3.5 (SPSS Inc). 
     78 
4.3   RESULTS 
4.3.1   Greywater effluent  
A summary of the typical greywater quality parameters at the case studies showing 
ranges of values is presented in Table 4.5. In general, the range of concentrations 
of typical greywater effluent quality were within the range of values reported in the 
literature and conformed to the recommended guideline provided in the ANZECC 
and ARMCANZ (2000) except for BOD, COD, Cl and TSS parameters. 
 
The range of pH values was quite high at Houses B and C, with maximum value of 
8.2 and 8.3, respectively. Effluent BOD and COD concentrations were highest at 
House C, with values ranging from 24 to 200 mg/L and 35 to 739 mg/L, 
respectively. Friedler (2004) also found elevated BOD and COD concentrations of 
similar sources (bath, shower and wash basin) of 173 to 424 mg/L and 230 to 645 
mg/L, respectively. However, Jefferson et al. (2004) reported slightly lower BOD 
values of between 129 and 155 mg/L and COD values of between 367 and 587 
mg/L from similar sources. House B showed highest range of TSS with reported 
values of 78.33 to 163 mg/L lower than the range of 78 to 303 mg/L reported by 
Friedler (2004). Again, the chloride (Cl) concentration was highest at House B, 
ranging from 53 to 880 mg/L, which was above the recommended value of 250 
mg/L as referred to Table 4.5. 
 
Other parameters of concern related with greywater were pH, sodium (Na), 
phosphorus (P), boron (B) and sodium adsorption ratio (SAR). The highest mean 
concentration of Na, ranging from 41 to 180 mg/L was found at House A. However, 
this value was much lower than reported for laundry water in the literature with the     79 
maximum value of 480 mg/L. Boron values were low at all houses. The low levels 
of Ca and Mg were not balanced with Na, attributed to the highest SAR at House 
B, ranged between 6.1 and 16.4. As expected, the use of regular detergents at 
House B resulted in a high P load in greywater, with TP ranged between 3 and 20 
mg/L. 
 
Table 4. 5. Range of physical and chemical greywater quality from case 
studies effluents compared to value in literature review and recommended 
limit for irrigation. 
  Case studies 
Literature reviews 
value 
Recommended 
ranges or upper 
limits for irrigation 
purposes    
House 
A 
House  
B 
House  
C 
House  
D 
Laundry 
GW 
Bathroom 
GW 
Parameter                
Insitu analysis             
pH  6.8-7.8  6.8-8.2  7.1-8.3  6.1-7.7  7.1-10  6.4-8.1  6.5-8.5
(a) 
EC (μS/cm)  117-800 
116-
1150  300-630  100-790  190-1,400  82-250  950-1900
(a) 
                
General (mg/L)             
TSS  88-110  78-163  68-86  49-120  68-280  7-207  115
(f) 
TDS 
(calculated) 
74.88-
512 
74.24-
736  192-403  64-505  590     
COD  180-291  445-621  35-739  90-180  231-2950  100-633   
BOD  90-130  40-180  24-200  18-120  48-472  44-300 
<40
(a), <50
(e),  
90 – 290
(f) 
                
Major ions (mg/L)             
Ca  7.5-20  6-20  25-35  10-25  3.9-12  3.5-7.9  20-60
(c) 
Mg  2.1-9.8  2-5.2  1.4-2.5  1.9-6.7  1.1-2.9  1.4-2.3  10-25
(c) 
K  0.05-1.5  0.85-2.5  21-30  10-18  1.1-17  1.5-5.2  5-20
(c) 
Na  41-180  72-85  43-105  76-100  49-480  7.4-18 
<230
(a) 150
(b),  
29 – 230
(f) 
Cl  30-66  53-880  50-140  67-150  9 - 88  9.0-18  250
(b) 
                
Nutrients (mg/L)             
NO3 as N  0.01-0.3  0.01-0.4  0.04-2.1  0.05-0.38  0.1-0.6 
<0.05-
0.20   
NH4 as N  0.24-5.2 
0.022-
6.7  0.40-15  0.34-8.6  <0.1-1.9  <0.1-15 
<1.0 – 25.4 
(NH3) 
(f) 
TKN as N  1.33-20  1.12-35  19-25  12-22  1-40  4.6-20 
25-125
(a),  
2.1 – 31.5
 (f) 
OP 
<0.02-
0.44  0.35-6.3  0.18-2.49  0.16-5.4  0.062-57  0.11-2.8   
TP  0.22-6.7  3-20  0.23-2.4  0.18-18  ND->171  
0.11-
>48.8  
<12(total)
(a),  
0.6-27.3
(f) 
TN  5.3-30  10-38  24-32  12 - 31  1.1-40.3  3.6-19.4       80 
NO3+NO2 
0.008-
0.13 
<0.02-
3.6 
0.046-
0.18  0.01-0.15       
                
Metal  
0.07-
0.62 
     
0.31 + 
0.06 
   
Boron (mg/L) 
0.09-
1.78  0.03-0.23  0.08-6  <0.1-0.5  0.4
(b), 0.75
(e) 
SAR  7.7-11.2  6.1-16.4  2.9-4.9  5.7-11.4  4.8-6  4.0
(a); 5.0
(b)
 
Literature review values: 
Laundry reference: Christova-Boal (1996); Li (2009); (Donner et al., 2010) 
Bathroom reference: Christova-Boal (1996); Li (2009); Gross, A (2008); Donner et al., (2010) 
Recommendation or limits for irrigation purposes: 
(a) ANZECC and ARMCANZ (2000); 
(b)  IME (2003); 
(c) Harivandi (1994); 
(e)USEPA (1992 a); 
(f) DOH (2005) 
 
Analyses data of the scheme water at the exterior tap in all case studies show that 
House C and D had higher concentrations of major Ca, K, Na and Cl ions (Table 
4.6). Water in the metropolitan area, which included Houses C and D comes from 
three sources; surface water (25-45%), groundwater (35-50%) and from the Perth 
Seawater desalination plant (15-20%) (Water Corp., 2011). Houses A and B in 
Mandurah were also connected to Perth Water Supply network.  
  
 
Table 4. 6. Physical and chemical properties of scheme water at case studies 
collected from the exterior tap water. Samples were based on six replicates; 
mean (± S.E.) 
   Case studies  NWQMS (2004)*  
In situ analysis        House A        House B        House C      House D  Health  
 
Aesthetic 
pH  7.09 (0.21)  7.18 (0.11)  7.20 (0.14)  6.97 (0.22)  -  6.5-8.5 
EC (μS/cm)  130 (0.05)  110 (0.05)  250 (0.02)  230 (0.03)     
              
General             
TSS  33.20 (0.86)  33.00 (0.71)  33.40 (1.12)  33.00 (1.00)     
TDS (calculated)  87  74  168  154  -  500 
             
Major ions             
Ca  5.03 (0.27)  3.30 (0.15)  14.68 (2.71)  8.80 (0.69)     
Mg  3.67 (0.16)  3.60 (0.09)  4.42 (0.15)  6.02 (0.12)     
K  1.72 (0.14)  1.55 (0.11)  2.45 (0.24)  2.12 (0.15)     
Na  23.00 (1.95)  24.83 (3.34)  46.17 (8.61)  38.50 (4.34) 
 
**  180 
Cl  26.40 (0.51)  28.60 (1.36)  42.60 (1.54)  33.80 (1.85) 
 
**  250 
              
Nutrients             
NO3 as N  0.12 (0.01)  0.15 (0.02)  0.17 (0.02)  0.05 (0.01) 
 
50  -     81 
TP  0.12 (0.06)  0.02 (0.00)  0.02 (0.00)  0.01 (0.00)     
              
Metal             
Boron  0.03 (0.00)  0.02 (0.01)  0.24 (0.11)  0.12 (0.05) 
 
4  - 
 
* National Water Quality Management Strategy Australian Drinking Water Guidelines 6 (2004) 
** No health-based guideline value is considered necessary. 
Results are in mg/L unless specified otherwise. 
 
4.3.2   Leachate  
The mean concentrations of nutrients in the leachate collected from the lysimeters 
installed in the greywater irrigation area at each case study are given in Table 4.7. 
As the leachate is influenced by the land activities, the nutrient levels of typical 
gardening practices should be considered. Nutrients tested were nitrogen as NO3
-, 
NH4
+ and NO2
- and phosphorus as PO4 were presented here because they are 
dominant parameters to indicate the level.  
 
In general, the volume of leachates from the lysimeters did not show significant 
differences between replicates or houses. There were however significant 
differences between the concentration of leachates collected for NO3
- (P = <0.001) 
and TKN (P = 0.002) in all houses. Comparatively, leachate concentration of NO3
-
and TKN was higher at Houses B and C with the concentration of 11.44 mg/L and 
16.03 mg/L, respectively. The concentration of NO3
-
 + NO2
-
 was highest in leachate 
at House D, 14.01 mg/L.  
 
House B has a highest concentration of NH4
+, PO4, TP and TN of 3.01, 3.00, 10.00 
and 29.88 mg/L, respectively. It was interesting to note that similar high values     82 
were observed in the greywater effluent of House B with the highest range of PO4, 
TP and TN of 0.35 to 6.3, 3 to 20 and 10 to 18 mg/L, respectively (Table 4.7).  
 
Table 4. 7.  Nutrient in leachate from the greywater irrigated area at case 
studies. Samples were collected monthly during the monitoring period; mean 
(± S.E.) mg/L 
  House A  House B  House C  House D 
NO3
-  1.80 (1.18)
 a  11.44 (1.60)
 a  9.30 (0.56)
 a  10.38 (0.68)
 a 
NH4
+  1.42 (0.57)  3.01 (1.03)  1.78 (1.44)  1.64 (2.69) 
PO4  1.42 (0.62)  3.00 (0.58)  2.36 (1.49)  1.08 (0.43) 
TP  1.76 (1.37)  4.70 (4.64)  4.52 (1.14)  2.36 (0.29) 
TN  6.06 (1.15)
 a  29.88 (16.19)  17.77 (4.66)  24.15 (3.45)
 a 
TKN as N  3.82 (0.79)
 a  15.24 (1.07)
 a  16.03 (5.48)
 a  12.57 (1.73)
 a 
NO3+NO2  0.70 (0.63)  1.40 (0.78)  9.03 (4.49)  14.46 (11.47) 
aIndicate the differences between means of nutrient concentrations in the four houses that are significant at p<0.001. 
 
Mass flux of nutrients  
The mean volume of excess nutrient percolation below the root system is given in 
Table 4.8. The input (greywater irrigation) was measured and recorded as well as 
the output (leachate) about a month later. The contributing factors to the nutrients 
in leachate were quite complex as they were affected by many variables such as 
rainfall, topography, different household activities, various application of fertilizers 
and many others. Nevertheless, Table 4.8 indicates the performance and behavior 
of specified nutrients in leachate after a month period. Comparison with the mean 
input (via greywater irrigation) showed that the soil systems conserved NO3
-, where 
the ratio or the percentage losses was low, ranging from 2 to 13%. However, the 
NH4
+, TN and PO4 output or losses at House D exceeded by far its input. The 
highest losses for TP were found at House B.   
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Table 4. 8. Mean ratio of input (greywater irrigation) and output (leachate) 
nutrients leached during the monitoring work with lysimeter 
  Input  Output   
  Greywater irrigation (mg)  Leachate (mg)  Ratio 
    NO3
-     
House A  6.86    446.67  0.02 
House B  23.10    400.00  0.06 
House C  45.97    5,199.17  0.01 
House D  778.94    5,875.67  0.13 
         
    NH4
+     
House A  1,427.43    590.00  2.42 
House B  3,421.07    914.00  3.74 
House C  3,091.07    2,058.00  1.50 
House D  17,949.98    1,604.17  11.19 
         
    PO4     
House A  161.55    55.00  2.94 
House B  3,506.05    1,680.00  2.09 
House C  2,558.12    1,655.50  1.55 
House D  17,684.98    1,113.33  15.88 
         
    TN     
House A  11,668.33    2,232.33  5.23 
House B  12,333.33    5,193.33  2.37 
House C  28,900.00    7,611.67  3.80 
House D  25,5201.50    31,880.00  8.01 
         
    TP     
House A  1,465.84    837.83  1.75 
House B  5,198.08    463.33  11.22 
House C  454.09    1,950.83  0.23 
House D  22,519.37    3,335.33  6.75 
 
 
4.3.3   Groundwater monitoring at BWLV, Erskine, Mandurah 
The groundwater analysis is given in Table 4.9 while the schematic diagram of 
groundwater locations are illustrated in Figure 4.8. Groundwater analysis showed 
low levels of nutrients concentrations. The NO3
-  results show a relatively low 
concentration, ranging from 0 to 0.74 mg/L compared to Australian Drinking Water 
Guidelines of 50 mg/L (NWQMS, 2004). PO4 and TP may cause eutrophication to     84 
near water bodies if its presence is in excess of the recommended value for 
irrigation water of <12 mg/L (DOH, 2005). Nevertheless, the levels of P and TP 
were found to be relatively low and ranged from <0.002 to 2 mg/L.  
 
 
Table 4. 9. Groundwater physical and chemical analysis 
Date of 
sampling 
Bore 
ID 
pH  EC 
µS/cm 
TSS 
mg/L 
TDS 
mg/L 
NO3 
mg/L 
NH4 
mg/L 
TKN 
mg/L 
P 
mg/L 
TP 
mg/L 
28/02/2006  P2  7.8  1360  43  7900    0.085  1.3  0.018   
  P2  5.7  500  340  220    0.067  0.76  0.002   
  P5  8.2  1900  53  1300    0.0006  1.9  0.025   
                     
6/3/2008 
  1  6.6 
   
700  0.53  0.051  1  <0.005  0.01 
  2  6.8      450  0.74  0.13  1.6  <0.005  0.04 
  P4  7.2      3500  0.032  0.12  0.61  <0.005  0.02 
  P7  6.6      24000  0.013  1.5  2.8  <0.005  <0.01 
  P8  7.0      15000  0.013  1.1  2.5  <0.005  0.03 
                     
24/10/2008 
  P3  7.1  5100  65.32    0.012  0.17  0.95  0.89  0.95 
  P7  6.5  28000  62.87    0.014  2.00  0.04  0.02  0.04 
  P8  6.8  14300  63.9    0  0.78  1.66  1.54  1.66 
                     
10/2/2009 
  P3  7.1  6210  58.45    0  0.14  1.75  0.63  0.75 
  P7  6.5  26500  68.00    0.011  1.20  1.5  0.01  0.05 
  P8  7.0  10300  64.89    0.011  0.39  1.45  1.21  1.35 
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Bore ID  Location description / Distance from landmark (xy) 
1  Directly south of ARC, 8m west of road (name) 
2  3m to the south east of the swimming pool 
P3, P4  Outside eastern perimeter of development, opposite house no. 24 (roadname), 75m from pathway 
P7  Outside perimeter of development, on south eastern corner, 27m from pathway 
P8  Outside perimeter of development, 1m to  estuary side of pathway, right hand bore 
 
 
 
 
 
Figure 4. 8. Groundwater sampling locations for the BWLV site (Schematic 
adapted from the Technical Report BWLV for Nutrient and Management Plan, 
2004). 
P7 
P8 
P4 
1 
2 
P3 
P4 
P7 
P8 
Estuary 
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4.3.4   Soil quality  
The soil quality for the before and after greywater irrigation is summarized in 
Tables 4.10. The soil analysis indicates that greywater irrigation decreased soil pH 
and increased soil salinity. The pH of soil sample after irrigation with greywater was 
found to be within the range of 5.9 to 6.9 which is lower than the soil pH, 8.2, as 
affected from greywater reported by Weil-Shafran  et al., (2006). Soil salinity, 
measured as electrical conductivity (EC)  of  the  1:5  soil  extract  in  μS/cm,  was 
significantly higher after irrigated with greywater. The highest value was observed 
at House C, with the EC value 4,230 μS/cm.  
 
There were significantly increased levels (p<0.001) of soil nitrogen; total N, NH4
+ 
and NO3
- concentrations in all houses after temporal irrigation with greywater as 
shown in Figures 4.9 and 4.10. The total N and NH4
+ level of the soils irrigated 
with greywater were significantly higher than those of the control soils. The total 
loading of N and NH4
+ was increased significantly at House C with values of 0.77 
% and 127 mg/kg respectively. In House D, the NO3
- increased significantly in the 
greywater irrigated plot to 175 mg/kg.  
 
Soil P concentration increased significantly after greywater irrigation as shown in 
Figure 4.10. The six-fold increased of P with value of 845 mg/kg was found at 
House C in the plot irrigated with greywater. The concentration of total P was 
increased at House B with a value of 1,309 mg/kg.  
 
The initial B concentration in soil irrigated with greywater was found to be well 
below the maximum concentration of 0.5 to 1.0 mg/L recommended for the most     87 
boron sensitive crops (Christiansen et al., 1977). It was interestingly noted that final 
B concentration in the soil was found to have increased at House D to 5.13 mg/kg 
in the greywater irrigated plots (Figure 4.10). It showed that the levels are greater 
than three times the level detected in the initial sample.   
 
Na levels in soil are reported as the sodium adsorption ratio (SAR). This is a ratio 
of the amount of cationic (positive) charge contributed to a soil by Na, to that 
contributed by Ca and Mg. SAR values in all houses after irrigated with greywater 
were low and were desirable, ranging from 0.01 to 0.57. The SAR results were far 
below the maximum SAR of 13, where excess Na levels can cause soil structure 
deterioration and water infiltration problems (Davis et al., 2007). 
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Figure 4.9.  Soil of nitrate (NO3
-) and ammonium (NH4
+) before and after 
irrigated with greywater. 
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Figure 4.10. Soil of total nitrogen (TN), phosphorus (P) and boron (B) before  
and after irrigated with greywater 
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Table 4. 10. Mean (± S.E.) of soils before and after irrigating with greywater in case studies. Soil samples were taken in 
October 2008 and April 2009. Plots were irrigated with greywater since the system operated in October 2008 (House A, 
B, D) and since July 2007 for House C.  
Sampling 
date 
NO3
-  NH4
+  P  K  Cond  pH_CaCl2  pH_H2O  B  TN  TP  OC  Exc_Ca  Exc_Mg  Exc_Na  Exc_K   
SAR 
mg/kg  mg/kg  mg/kg  mg/kg  μS/cm  pH   pH   mg/kg  %  mg/kg  %  meq/100g  meq/100g  meq/100g  meq/100g 
                                 
24/10/08                                 
House A  1.50  2.00  82.00  147.50  60  5.7  6.6  0.30  0.09  113.50  1.26  3.30  0.55  0.27  0.15  1.19 
  (0.50)  (0.08)  (2.00)  (74.50)  (0.20)  (0.55)  (0.40)  (0.07)  (0.02)  (43.50)  (0.04)  (0.30)  (0.05)  (0.04)  (0.00)   
House B  5.50  1.00  63.50  37.50  90  7.0  8.0  0.47  0.05  132.00  3.65  12.95  2.45  0.93  0.63  0.34 
  (1.50)  (0.05)  (6.50)  (2.50)  (0.20)  (0.05)  (0.05)  (0.08)  (0.01)  (19.00)  (0.52)  (0.25)  (0.40)  (0.08)  (0.13)   
House C  7.00  3.00  156.50  57.50  80  7.1  8.0  0.80  0.11  1024.50  6.50  15.21  0.72  0.44  0.31  0.16 
  (5.00)  (1.00)  (4.50)  (15.50)  (0.10)  (0.10)  (0.25)  (0.25)  (0.09)  (524.50)  (0.35)  (0.65)  (0.07)  (0.05)  (0.01)   
House D  5.50  2.50  46.00  104.00  130  7.6  8.5  1.23  0.09  272.64  4.37  12.59  3.30  2.33  2.18  0.83 
  (0.50)  (0.50)  (3.00)  (55.00)  (0.10)  (0.05)  (0.05)  (0.11)  (0.02)  (22.97)  (0.23)  (0.26)  (0.19)  (0.22)  (0.32)   
                                 
30/4/09                                 
House A  1.50  2.00  67.00  125.00  150  5.9  6.6  0.78  0.09  117.50  1.54  4.61  0.75  0.26  0.22  0.16 
  (0.50)  (0.10)  (3.00)  (1.00)  (0.15)  (0.35)  (0.20)  (0.02)  (0.01)  (1.50)  (0.03)  (0.01)  (0.05)  (0.06)  (0.02)   
House B  77.00  8.50  464.00  310.00  600  6.4  6.9  1.90  0.41  1309.00  5.68  15.05  3.59  1.25  0.80  0.41 
  (1.00)  (0.50)  (4.00)  (20.00)  (0.40)  (0.10)  (0.15)  (0.07)  (0.01)  (1.00)  (0.03)  (0.39)  (0.27)  (0.05)  (0.05)   
House C  22.33  127.00  845.00  179.33  4230  5.6  6.0  3.70  0.77  1209.33  8.80  18.79  1.04  0.49  0.40  0.16 
  (1.47)  (1.87)  (52.05)  (12.68)  (0.27)  (0.19)  (0.18)  (0.51)  (0.08)  (11.86)  (0.70)  (0.94)  (0.02)  (0.01)  (0.02)   
House D  174.67  8.00  435.67  850.67  1270  6.9  7.6  5.13  0.52  1175.33  6.41  15.30  4.83  3.03  2.44  0.96 
  (0.41)  (4.30)  (2.68)  (43.28)  (0.20)  (0.32)  (0.19)  (0.43)  (0.06)  (9.42)  (0.23)  (0.19)  (0.33)  (0.11)  (0.21)   
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Table 4. 11. Mean (± S.E.) of control soils. Soil samples were taken in October 2008 and April 2009. 
Sampling 
date 
NO3
-  NH4
+
  P  K  Cond  pH_CaCl2  pH_H2O  B  TN  TP  OC  Exc_Ca  Exc_Mg  Exc_Na  Exc_K   
SAR 
mg/kg  mg/kg  mg/kg  mg/kg  μS/cm  pH   pH   mg/kg  %  mg/kg  %  Meq/100g  meq/100g  meq/100g  meq/100g 
                                 
24/10/08                                 
House A  1.33  1.33  32.00  198.67  0.33  7.5  8.0  0.33  0.33  0.07  148.33  0.54  1.35  0.21  0.11  0.22 
  (0.41)  (0.41)  (4.30)  (12.09)  (0.04)  (0.15)  (0.27)  (0.15)  (0.15)  0.03  (56.54)  (0.05)  (0.05)  (0.02)  (0.01)   
House B  4.00  2.00  30.67  205.67  0.25  7.2  7.6  0.40  0.40  0.27  196.33  1.15  1.55  0.27  0.12  0.23 
  (0.71)  (0.71)  (0.82)  (3.63)  (0.04)  (0.15)  (0.23)  (0.07)  (0.07)  0.20  (2.27)  (0.06)  (0.15)  (0.03)  (0.01)   
House C  8.00  4.67  54.67  76.33  0.18  7.6  8.4  0.90  0.90  0.13  258.67  2.40  3.23  1.90  0.57  1.13 
  (0.71)  (0.41)  (3.19)  (1.08)  (0.05)  (0.43)  (0.58)  (0.14)  (0.14)  0.05  (5.35)  (0.28)  (0.18)  (0.07)  (0.26)   
House D  5.50  2.50  46.00  104.00  0.13  7.6  8.5  1.23  1.23  0.09  272.64  4.37  12.59  3.30  2.33  1.13 
  (0.50)  (0.50)  (3.00)  (55.00)  (0.01)  (0.05)  (0.05)  (0.11)  (0.11)  0.02  (22.97)  (0.23)  (0.26)  (0.19)  (0.22)   
                                 
30/4/09                                 
House A  33.50  4.50  231.00  158.00  0.35  7.3  6.7  0.96  0.96  0.25  207.00  1.16  4.30  2.16  0.97  1.31 
  (1.50)  (0.50)  (4.00)  (2.00)  (0.02)  (0.05)  (0.15)  (0.01)  (0.01)  0.02  (4.00)  (0.23)  (0.20)  (0.01)  (0.01)   
House B  37.50  4.50  238.50  142.50  0.37  7.3  6.7  0.16  0.16  0.28  207.50  2.40  3.83  2.11  0.90  1.20 
  (2.50)  (0.50)  (3.50)  (2.50)  (0.05)  (0.05)  (0.15)  (0.03)  (0.03)  0.02  (2.50)  (0.07)  (0.20)  (0.07)  (0.09)   
House C  41.00  5.00  231.00  156.00  0.51  6.8  7.5  0.29  0.29  0.63  190.00  3.23  3.67  2.06  0.60  1.11 
  (1.00)  (1.00)  (11.00)  (6.00)  (0.05)  (0.25)  (0.00)  (0.13)  (0.13)  0.02  (10.00)  (0.27)  (0.20)  (0.07)  (0.32)   
House D  39.00  4.75  177.50  137.50  0.53  7.0  7.8  0.25  0.25  0.44  172.50  2.77  3.43  2.16  0.74  1.23` 
  (3.00)  (0.75)  (2.50)  (7.50)  (0.07)  (0.50)  (0.25)  (0.09)  (0.09)  0.02  (7.50)  (0.15)  (0.43)  (0.11)  (0.16)   
     92 
4.3.5   Plant quality 
Plant analysis data in the irrigated greywater plot and control plot at before and 
after application was given in Tables 4.12 and 4.13. Levels of P, NO3
-, boron and 
Na from plants in the irrigated and non-irrigated greywater plot are illustrated in 
Figures 4.11 and  4.12. There were no significant differences in plant essential 
nutrients (N, P, and K) for plants grown in soils irrigated with greywater for 
temporal irrigation. Nitrogen content decreased from 1.80 % to 1.36 % at House A 
after greywater irrigation. In addition, the initial P plant uptake  obtained from 
analysis of the plant tissue in all houses was considerably low, except for House B 
which was quite high at 0.75 % for the area which was not irrigated with greywater. 
However, the P uptake was very high at House  A at 1.38 % after greywater 
irrigation and also in the control soils. Another interesting observation was that 
after greywater irrigation, the P uptake was low whilst the uptake of P in non-
irrigated area was high. Potassium (K) plant uptake in all houses  decreased 
significantly after irrigated with greywater.  
 
NO3
-  concentration increased after greywater irrigation, from 270 mg/kg to 410 
mg/kg at House A. The  NO3
-  uptake in greywater irrigated plot was decreased 
significantly from 2,294 mg/kg to 945 mg/kg at House D. The initial boron uptake in 
greywater irrigation was observed to be higher at House C of 3,802 mg/kg. 
However, boron decreased to 2,539 mg/kg after the irrigation with greywater. 
There was no significant difference in boron uptake for the rest of the houses for 
both before and after greywater irrigation. The Na uptake after irrigation with 
greywater had decreased at House A. Conversely, Na uptake increased at Houses 
C and D. Similarly, in the non-irrigation areas for Houses C and D, plant uptake of     93 
Na had slightly increased but at Houses A and B the plant uptake showed a 
decreasing trend. This occurrence will be further discussed in the discussion 
chapter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11. Plant tissue content of phosphorus (P) and nitrate (NO3
-) before 
and after irrigated with greywater 
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Figure 4.12. Plant tissue content of boron (B) and sodium (Na) before and 
after irrigated with greywater 
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Table 4. 12. Mean (± S.E.) of plants before and after irrigating with greywater in case studies. Plant samples were taken 
in October 2008 and April 2009. Plots were irrigated with greywater since the system operated in October 2008 (House 
A, B, D) and since July 2007 for House C.  
   Primary macronutrients  Secondary macronutrients  Micronutrients 
   N  P  K  Ca  Mg  SO4  Na  Cl  Cu  Zn  Mn  NO3
-  B  Fe  Mo 
  %  %  %  %  %  %  %  %  mg/kg  mg/kg  mg/kg  mg/kg  mg/kg  mg/kg  μg/kg 
Essential plant nutrients                             
Relative % in 
plant*  100  6  25  12.5  8  3  -  0.3  0.01  0.03  0.1  -  0.2  0.2  0.0001 
                               
24/10/08                               
House A  1.80  0.07  0.62  0.83  0.35  0.31  0.40  0.52  5.00  22.20  86.77  43.00  12.40  1050.67  868.33 
  (0.15)  (0.01)  (0.11)  (0.19)  (0.13)  (0.14)  (0.05)  (0.10)  (0.27)  (0.41)  (0.67)  (2.55)  (2.04)  (6.38)  (4.71) 
House B  2.92  0.32  1.75  0.38  0.37  0.50  0.68  0.61  3.77  23.61  12.27  75.93  39.67  18.37  535.33 
  (0.15)  (0.03)  (0.11)  (0.19)  (0.13)  (0.14)  (0.10)  (0.10)  (0.27)  (0.41)  (0.67)  (1.86)  (1.08)  (6.38)  (4.71) 
House C  4.14  0.47  4.04  1.13  0.46  0.48  0.10  1.18  10.55  96.31  15.97  269.93  3801.67  49.37  3.33 
  (0.15)  (0.02)  (0.11)  (0.19)  (0.13)  (0.14)  (0.04)  (0.10)  (0.27)  (0.41)  (0.67)  (1.06)  (19.47)  (6.38)  (2.16) 
House D  1.47  0.36  0.65  1.08  0.33  0.40  0.12  0.33  27.61  97.06  722.17  2293.80  250.00  7.82  12.67 
  (0.15)  (0.07)  (0.11)  (0.19)  (0.13)  (0.14)  (0.01)  (0.10)  (0.27)  (0.41)  (0.67)  (4.19)  (1.41)  (0.38)  (8.52) 
                               
30/4/09                               
                               
House A  1.36  1.38  0.51  2.15  0.40  0.35  0.30  2.20  3.90  18.24  150.37  39.33  18.40  118.27  255.33 
  (0.15)  (0.03)  (0.11)  (0.19)  (0.13)  (0.14)  (0.05)  (0.10)  (0.27)  (0.41)  (0.67)  (2.27)  (1.72)  (6.38)  (4.71) 
House B  2.00  0.34  1.09  0.79  0.39  0.46  0.80  0.87  8.82  24.33  20.07  368.20  40.00  19.27  483.33 
  (0.15)  (0.04)  (0.11)  (0.19)  (0.13)  (0.14)  (0.07)  (0.10)  (0.27)  (0.41)  (0.67)  (1.53)  (1.41)  (6.38)  (4.71) 
House C  3.45  0.40  2.92  2.32  0.40  0.49  0.45  2.54  11.65  170.03  35.47  410.00  2538.67  40.87  537.33 
  (0.15)  (0.01)  (0.11)  (0.19)  (0.13)  (0.14)  (0.05)  (0.10)  (0.27)  (0.41)  (0.67)  (2.86)  (23.72)  (6.38)  (4.71) 
House D  1.95  0.24  1.26  0.81  0.38  0.42  0.79  1.43  11.13  81.04  90.57  944.60  841.33  14.57  1402.33 
  (0.15)  (0.04)  (0.11)  (0.19)  (0.13)  (0.14)  (0.04)  (0.10)  (0.27)  (0.41)  (0.67)  (3.33)  (37.59)  (6.38)  (4.71) 
*Relative amounts of mineral elements compared to nitrogen in dry shoot tissue. May vary depending on plant species. Adapted from Bennett (1993).     96 
Table 4. 13. Mean (± S.E.) of plants in control soils at case studies. Plant samples were taken in October 2008 and April 
2009.  
  Primary macronutrients 
Secondary 
macronutrients  Micronutrients 
   N  P  K  Ca  Mg  SO4  Na  Cl  Cu  Zn  Mn  NO3
-  B  Fe  Mo 
   %  %  %  %  %  %  %  %  mg/kg  mg/kg  mg/kg  mg/kg  mg/kg  mg/kg  μg/kg 
Essential plant nutrients                           
Relative % in 
plant*  100  6  25  12.5  8  3  -  0.3  0.01  0.03  0.1  -  0.2  0.2  0.0001 
                               
24/10/08                               
House A  1.80  0.09  0.62  0.78  0.35  0.31  0.43  0.52  5.00  22.20  86.77  43.00  12.40  1139.37  868.33 
  (0.15)  (0.01)  (0.11)  (0.14)  (0.13)  (0.14)  (0.09)  (0.10)  (0.27)  (0.41)  (0.67)  (2.55)  (2.04)  (6.38)  4.71 
House B  1.51  0.75  0.97  1.49  0.39  0.49  0.56  0.49  2.11  19.61  42.37  65.47  42.00  11.87  216.33 
  (0.15)  (0.06)  (0.11)  (0.11)  (0.13)  (0.14)  (0.05)  (0.10)  (0.27)  (0.41)  (0.67)  (1.79)  (1.87)  (6.38)  (4.71) 
House C  1.35  0.38  1.89  0.42  0.32  0.37  0.84  1.15  14.84  141.55  26.07  1327.60  57.00  6.64  198.33 
  (0.15)  (0.01)  (0.11)  (0.10)  (0.13)  (0.14)  (0.06)  (0.10)  (0.27)  (0.41)  (0.67)  (2.38)  (1.41)  (0.22)  (4.71) 
House D  1.35  0.46  1.97  0.47  0.32  0.36  0.97  0.83  15.09  130.83  26.75  1400.00  60.00  13.53  213.33 
  (0.15)  (0.03)  (0.11)  (0.11)  (0.13)  (0.10)  (0.09)  (0.05)  (0.27)  (0.74)  (0.77)  (19.47)  (0.82)  (4.12)  (4.71) 
                               
30/4/09                               
House A  1.25  1.13  0.39  1.59  0.32  0.31  0.19  1.09  2.54  16.22  92.23  35.67  12.22  70.82  228.33 
  (0.15)  (0.02)  (0.11)  (0.19)  (0.13)  (0.14)  (0.06)  (0.10)  (0.27)  (0.41)  (0.67)  (2.04)  (0.76)  (6.38)  (4.71) 
House B  1.22  1.28  0.39  1.70  0.32  0.30  0.24  1.07  2.59  16.30  91.01  37.00  13.80  70.79  223.33 
  (0.15)  (0.05)  (0.11)  (0.19)  (0.13)  (0.14)  (0.05)  (0.10)  (0.27)  (0.41)  (0.67)  (1.87)  (0.93)  (6.38)  (4.71) 
House C  1.55  0.45  1.99  1.22  0.63  0.32  0.96  1.49  21.13  143.12  27.75  1420.00  64.00  6.83  213.00 
  (0.07)  (0.01)  (0.11)  (0.19)  (0.05)  (0.08)  (0.08)  (0.05)  (0.56)  (1.92)  (0.77)  (18.71)  (1.87)  (0.20)  (5.34) 
House D  1.47  0.51  2.04  0.76  0.70  0.56  1.18  1.46  21.50  132.33  28.75  1400.00  60.00  9.73  228.00 
  (0.11)  (0.01)  (0.04)  (0.07)  (0.03)  (0.06)  (0.06)  (0.33)  (0.35)  (1.78)  (0.77)  (16.98)  (1.78)  (1.70)  (5.10) 
*Relative amounts of mineral elements compared to nitrogen in dry shoot tissue. May vary depending on plant species. Adapted from Bennett (1993).   97 
4.4     DISCUSSION 
4.4.1   Greywater characteristics 
Greywater quality is a reflection of the lifestyle of the occupants, products used; 
water sources and the nature of the treatment system (Almeida  et al., 1999; 
Christova-Boal et al., 1996; Jefferson et al., 1999; Halalsheh et al., 2008; Eriksson 
et al., 2002). In this monitoring work, most measurements are consistent with a 
wide range of untreated laundry and bathtub greywater values reported in previous 
studies (Christova-Boal et al., 1996; Gross et al., 2008; Li et al., 2009).  
 
As expected, pH of greywater is significantly more alkaline (6.8-8.3) due to the 
contribution of the laundry water as reported in Misra et al., (2010). The BOD, COD 
and TSS reached high levels compared with the recommended guidelines as 
shown in Table 4.5. The BOD levels indicate a high organic fraction most probably 
from the human body during washing or bathing. High TSS which includes small 
amounts of oil, grease, soap residue and organic materials may potentially clog the 
greywater and subsurface irrigation systems. It is evident at Houses C and D that 
the sedimentation tank greatly reduced the TSS. The use of ozone to treat 
greywater in House D reduced the COD and BOD levels and other water quality 
parameters as the gas oxidized bacteria, moulds, organic material and other 
pollutants found in greywater. Herna´ndez-Leal et al., (2011) makes it clear that 
ozone efficiently removed micropollutants of personal care products from 
aerobically treated grey water; with the removal efficiency of benzalkonium chloride 
being 98%, tonalide and nonylphenol 95%, octocrylene 92% and 2-phenyl-5-
benzimidazolesulfonic acid (PBSA) 84%. 
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The elevated Phosphorus (P)  levels observed in House B might be due to the 
combined influence of the choices made by the household to use detergents and 
soaps with high P content as well as low water consumption from the front loader 
washing machines. High Mg and Ca levels in House C could be associated with 
the quality of the scheme water supply as shown in Table 4.6. Indeed, about 35-50 
% of current fresh water supply in Perth originates from bore water which is also 
referred to as groundwater (Water Corporation, 2011). When groundwater seeps 
through the rocks, it picks up high levels of bicarbonate salts of Ca and Mg causing 
hardness (Davis and Cornwell, 1998). Such water is likely to contribute to high Ca 
and Mg concentrations in greywater samples. 
 
All houses which were using liquid detergents contributed the least salt in the 
greywater. According to CoP (2010), if the powdered detergents are used, there 
will be large amounts of salt as salt is used in washing powders as filler. It can be 
seen that the levels of TDS estimated from EC values are within acceptable levels 
for irrigation as compared to guidelines. This indicates that laundry and bathroom 
greywater have relatively low contribution of salinity or nitrogen related pollution if it 
is to be used for garden irrigation. 
 
4.4.2   Receiving soil  
Soils that were irrigated with greywater showed lower pH values, probably due to 
the combination of high organic matter and high N levels that may be the result of a 
mixture of greywater effluent with organic mulching and fertilizer. This slight pH 
change can be attributed to the release of exchangeable cations during the 
mineralization of organic matter (Woomer  et al., 1994).  Misra and Sivongxay   99 
(2009) reported that a lower soil pH acted as a filtering medium in retaining salts 
and purified the drainage water. Mohammad and Mazahreh (2003) stated that the 
increase in EC for soil irrigated with wastewater compared with soil irrigated with 
potable water attributed to the original high level of (TDS) of the wastewater. 
 
The nitrogen (N) and phosphorus (P) levels of the soils irrigated with greywater 
were higher than those in the control soils. Chakrabarti (1995) and García-Gil et 
al., (2000) showed that soil fertility increased as a consequence of the application 
of compost and wastewater. In greywater, NO3
- may be contributed by urine and 
human skin cells in the bathtub greywater. PO4 is an essential plant nutrient that is 
added to fertilizers to enhance growth. However, the weathered alluvial sands of 
the coastal plain in Perth are often low in PO4 due to their highly permeable and 
leaching nature. P comes from detergents but does not pose a problem when 
disposed of on land as it is normally taken up by plants. However, excess P in 
addition to fertiliser can be leached in sandy soils (Ozanne et al., 1961; Leinweber 
et al., 1999). Greywater tests from House D indicated high levels of PO4 which 
appeared in the soil and also in the leachate tested. It had a potential for leaching 
to groundwater or run-off into watercourses.  
 
A major concern with soil irrigated with greywater is salinity buildup, associated 
with Na content, i.e.the sodium adsorption ratio (SAR). At House B, the household 
preferred detergent produced greywater that had a SAR greater than 10 (Table 
4.5), which was higher than the  limit for irrigation of non-tolerant plants of 8 
(ANZECC, 1992). However, the SAR level in the soil is lower than in the greywater 
(Table 4.10).    100 
The reason for considerable SAR in all case studies is most probably due to 
gardening practices such as mulching and fertilizer. Overcoming the detrimental 
effects of high SAR when using greywater is emphasized comprehensively by CoP 
(2010). Through Code of Practice, the house owners are provided with information 
about altering SAR and EC, such as adding gypsum, CaSO4 (no increase in pH) or 
lime (increases pH) along with tolerant landscape plants. Soil amendment is also 
recommended for adding a source of calcium (eg. CaSO4 or CaCO3). The plant 
samples tested did not seem to be affected by salts from the greywater.   
 
4.4.3   Leachate 
The use of lysimeters as detailed in Chapter 3 can sample leachate from greywater 
irrigation plots. The measurement of the leachate quality offers an indication of 
what happens when water moves downward through soil. In a landscape garden 
for most case studies, fertilizer is important for both plant and environmental 
quality, a contribution from this source cannot be segregated. Excess N and P are 
of most interest and concern in terms of the potential for pollution.  
 
In this monitoring work, mean ratio of input (greywater irrigation) and output 
(leachate) nutrients leached during the monitoring work (Table 4.8) with lysimeters 
indicating that the NH4
+ and TN, PO4 output or losses at House D exceeded its 
input. The reason is that there are multiple sources of nitrogen and phosphorus 
that provide high concentrations in the leachate in House D.which are derived from 
animal manures. Therefore, the natural losses from the soil when applied in the 
garden along the monitoring works reflect the highest nutrient levels in the 
leachate.    101 
The additional organic matter from mulch applied to a dry sandy soil helps to retain 
water near the surface and reduces the loss of valuable nutrients though leaching. 
There was a decrease in nutrient content in the leachate (Table 4.7) compared to 
nutrient levels in the typical mulch in Table 4.3. It seems that organic mulches 
dramatically improve the environment of the soil. According to Su and Puls (2007), 
NO3
- can be removed by microbiologically mediated processes in mulch composts; 
therefore it offers a cost-effective method to reduce groundwater contamination. 
 
Climate, vegetation, soil texture, land use patterns, fertilizer practices, drainage 
and irrigation can have effects on leachate concentration (Prasad and Power, 
1997).  When soils are fertilized, the leachate concentrations are raised 
considerably in the fertilized zone. The leaching of NO3
-  was relatively high in 
House D. The application of nitrogenous fertilizer from horse faeces on plants and 
the NO3
- content in greywater being quite high, possibly caused the high level of 
NO3
-. Also the high losses of TP and TN were observed at Houses D and B, 
respectively. The use of regular detergents and presence of pets may affect the 
leaching of P and N. Sims et al., (1998) stated that applications of high rates of 
manure P on sandy soils can increase the probability of P loss through subsurface 
flow.  
 
4.4.4   Plant 
Enhancement of plant N content with wastewater application indicates that 
wastewater application provided the soil with these nutrients which enhanced 
requirements for plant growth and soil fertility. However, NO3
- content should be   102 
monitored periodically to avoid its accumulation to critical levels that might affect 
the quality of pasture for animal feeds. 
 
Heterogeneity of soil nutrient availability is potentially the most important perturbing 
effect upon plant nutrient status. In addition, seasonal and diurnal changes in 
growth rates and plant demand for resources influence the variability of plant 
nutrient uptake. Therefore, monitoring of plant nutrients affected by particular 
source of irrigation in an uncontrolled site can be difficult. Plants can be affected 
detrimentally by excess salts in some soils and by high levels of exchangeable 
sodium in others. However, the physical observations suggest that there are no 
apparent effects of greywater irrigation on plant growth. These monitoring results 
are in sharp contrast with past findings. These past studies were undertaken under 
an artificial experimental set-up that suggested detrimental effects of greywater on 
lettuce growth (Weil-Shafran et al., 2006) and show toxicity symptoms (Garland et 
al., 2000).  
 
There are many effects contributing to the different results from both field and 
under control condition eg. experimental works. Uptake of organic compounds and 
nutrients by plants is influenced by physico-chemical features of the compounds, 
environmental conditions and plant characteristics in the field study.  
 
4.5   CONCLUSION 
Investigative and research monitoring was used to understand greywater irrigation 
in households. Greywater quality is very site specific and difficult to predetermine 
or control except for the use of some recommended household products when   103 
using greywater. In general, the greywater quality was within the wide range of 
values reported in the literature, except BOD, TSS, and pH which sometimes fell 
outside the range as stipulated in the guidelines (DOH, 2010).  
 
Samples for leachate, soil and plants as affected by greywater irrigation also 
change with the application of fertilizer. The soil analyses results showed that 
salinity, SAR, and the organic content of the soil increased as a function of time 
and affected the plant growth. However, several observations have shown that soil 
and plants are not affected by greywater irrigation, suggesting the effort made by 
house owners through soil improvement is beneficial.  
 
Nutrient leaching or losses from soil irrigated with greywater collected from a newly 
designed zero-tension lysimeter (ZTL (N1) was assessed. The use of the lysimeter 
can give an indication on such information, and is particularly useful in determining 
the movement of nutrients; particularly N and P. However, the movement of -
nutrients and the sole impact from greywater in uncontrolled plots in case studies is 
difficult to predicted due to the influence of land dynamics and activities.  
 
Groundwater quality monitoring at BWLV indicate that the results were well within 
the DOH and DOW limits and therefore the greywater system does not appear to 
be having any environmental impact. 
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CHAPTER 5 
TURF GRASS GROWTH IN SANDS IRRIGATED WITH GREYWATER FROM 
LAUNDRY AND BATHTUB 
 
 
 
5.1   INTRODUCTION 
Turf grasses are well suited for greywater irrigation, particularly considering the 
range of salt concentrations that turf can tolerate. Nutrients in greywater are 
expected to increase crop yields while pathogen levels are low (Jackson et al., 
2006). Greywater contains salts: Na and Cl;  macronutrients: P, K, Ca, Mg; and 
micronutrients: B, Al and Zn, which are beneficial to turf grass (Carrow  et al., 
2001).  However, there are elevated amounts of B, salt (Na and Cl)  and P in 
greywater from detergents and cleaning materials. The relatively low water-holding 
and nutrient-retention capacities of the sandy soils pose a particular challenge for 
water and nutrient management of turf grass. There is limited information about 
greywater irrigation on lawns (Roesner, Yaling  et al., 2006)  in a sandy 
environment.   
 
Hence this chapter assesses turf grass growth as affected by laundry and bathtub 
greywater, using scheme water as a control. The study focuses on irrigation of turf 
grown on sandy soils, making it relevant for the sandy soils typical of the Swan 
Coastal Plain, Western Australia.  The approach uses a controlled tank 
experimental mass balance to determine the amount of nine selected elements   105 
(salt and nutrients) flowing into and out of the tanks over a 24-week study period. 
The aim was to determine  whether greywater can sustain turf grass growth or 
whether it adversely affects turf quality and soil stability.   
 
5.2     MATERIALS AND METHOD 
5.2.1   Soil and site 
The top 200mm of soil  from the Spearwood dune system of the Swan Coastal 
Plain in Western Australia (McArthur and Bettenay, 1960) was collected during 
September 2009 from a residential backyard in Hamilton Hill, Western Australia 
(32.08
oS, 115.77
oE), 23km southwest of Perth CBD. The residence was occupied 
by 2 adults and 2 children. The soil at the experimental site was approximately 
97% sands (Table 5.1). According to Barton et al. (2006), soil from this kind of site 
has low chemical fertility and biological activity. After collection; samples were air-
dried for 5 days, passed through a 2mm sieve to remove any pebbles or non-soil 
material, and stored at room temperature before use. 
 
Table 5.1. Soil physical characteristics used in the tank experiment. Soil 
samples (n = 3) were taken from 0-15cm depth.  
 
Org 
Carbon 
(%) 
Water 
content 
(%) 
Sand Fraction (%)  Sand 
(%) 
Silt 
(%) 
Clay 
(%) 
  (5 d storage)  Fine (20-212 
μm) 
Coarse (212-
2000 μm) 
     
0.43  0.45  49.35  47.48  96.70  0.61  2.19 
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5.2.2   Setting up tanks 
Aquarium tanks with dimensions 45cm (height) x 25.5cm (width) x 25cm (length) 
were chosen as they would enable the dispersion behaviour of turf grass after 
irrigation to be observed easily. All the tanks were placed under the shade to 
prevent the influence from the rainfall irrigation, which only greywater irrigation was 
considered. The bases were modified with a 10mm diameter hole and outflow pipe 
from which leachate was collected into a 250mL plastic container located under 
each tank, as shown in Figure  5.1. Soil was packed into each tank to a bulk 
density of 1.31g/cm
3, the density measured at the collection site in the field. This 
in-situ  bulk  density was determined by pushing a 30cm soil corer into the soil 
where the turf was later to be laid. The area around the pipe was then excavated 
and a plastic disk slid across the base of the pipe to seal it. In the lab, the soil 
samples were dried at 60
oC for two days. The bulk density (ρb) was calculated 
according to: 
 
ρb =  Sample dry weight             Equation 5.1 
           Depth x лD
2 
        4 
 
Where 
ρb = the in-situ bulk density (g/cm
3) 
Sample dry weight = the mass (g) of the soil core after two days of oven drying at 
60
0C 
Depth = the length of the soil core taken (cm) 
D = the soil corer inside diameter (cm). 
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The total mass of soil (kg) required was 36.84kg to fill the tank and the in-situ 
density was calculated according to: 
 
Tank soil mass = Tank soil filled volume x ρb      Equation 5.2 
               1000 
 
           
Soil was added to the tank in ten equal increments, each one tenth of the total 
Tank Soil Mass. Each incremental layer was leveled and compacted with a 
wooden block to a thickness one tenth of the tank soil filled height (2.7cm) to 
maintain a uniform density throughout the tank depth.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. 1. Schematic diagram of tank experiment 
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The species of turf grass used was from the couch family (Cynodon dactylon L.) 
sod, also known as a Bermuda grass. Couch grass is a common lawn species in 
WA; it is known to be drought tolerant, water efficient and requiring relatively low 
maintenance (del Marco, 1990). Turf grass sod or turf grass rolls are a mature 
grass cover and obtained from a local nursery. The nutrient status of the turf grass 
was analysed before planting. Throughout the experiment, turf grass was grown 
without any fertilizer thus any nutrients were obtained solely from the  laundry 
(LGW), bathtub (BGW) and scheme water (TW). Key properties of the soil and turf 
grass were characterized at the time of planting and are given in Table 5.2. 
 
Table 5.2. Mean (± S.E.) of initial status of the selected salts and nutrients in 
the soil and turf, n = 3 
 
  Soil  Turf grass 
Salt  mg/kg  mg/kg 
Cl  68.00 + 4.00  0.16 + 2.01 
Na  30.40 + 1.06  0.08 + 1.45 
Macronutrients  mg/kg  mg/kg 
P  2.27 + 0.13  0.33 + 0.87 
Ca  169.33 + 5.81  0.54 + 2.31 
K  21.20 + 0.61  0.85 + 0.94 
Mg  45.33 + 1.33  0.12 + 1.01 
Micronutrients  mg/kg  mg/kg 
Zn  4.80 + 0.46  123.65 + 0.56 
Al  77.33 + 1.33  N/A 
B  1.91 + 0.15  4.37 + 0.72 
     
N/A = Not Analysed 
 
5.2.3   Irrigation regimes 
The irrigation water was (i) TW, scheme water, (ii) LGW, collected from the 
untreated laundry (full cycle) of the top-loader washing machine, (iii)  BGW, 
collected from the children’s bath. LGW was collected three times a week from the   109 
washing machine (Hitachi, model PAF-1220P). A top-loader washing machine was 
selected because 71% of Perth households used this type (ABS, 2006). BGW was 
collected every morning after the children’s bath. TW, LGW and BGW were used 
daily to irrigate the turf grass.  
 
The experiments were conducted in three replicates sampling collected from the 
house from October 2009 to March 2010. This period was chosen to cover the long 
dry summer season in Perth, where the use of greywater is significant. To reflect 
the worst-case scenario where no consideration would be given to using 
environmentally friendly products, the greywater was sourced from a resident 
selected for using regular detergents and personal cleaning products. These 
detergents were used without any fabric softener.  
 
Irrigation was done daily, by hand. The water was poured on using a bucket so that 
the exact volume was known each time. This practice is acceptable for sandy soil 
in summer when the evaporation rate is high. Barton et al. (2006) state that turf 
grass in a Mediterranean type of climate generally requires regular irrigation. The 
irrigation regime for the first seven days was 3.5mm applied three times per day, 
followed by 5.0mm twice per day for the next 21 days. In Western Australia, a 
maximum allowable application rate of 10mm/day/m
2 is normally applied, assuming 
the free-draining sands typical of the Swan Coastal Plain (DOH, 2005). This figure 
should be sufficient to meet the peak water requirement. A crop factor of 0.8, 
multiplied by a maximum summer daily evaporation rate of 10mm suggests a peak 
irrigation requirement of 8mm per day. Thus the water needed for irrigation was 
0.60mm or 35mL a day for each tank of the given size.     110 
The remainder of the irrigation volumes were given each morning to replace 100% 
of the previous day’s reference evapotranspiration (ET) derived from the weather 
station records as given in Table 5.3. This irrigation regime is ‘current Western 
Australia industry practice’ for the establishment of turf during summer months. 
Rainfall was not considered in connection with additional leaching since the tanks 
were placed under a shelter. The monthly site temperature during the study period 
is given in Table 5.3. During the summer of December 2009 – February 2010 in 
Western  Australia the  maximum temperature recorded was in January 2010 
(34.4
oC), along with the highest total ET rate of 253.7mm.  
 
Table 5.3. Monthly (± S.D.) temperature, total evapotranspiration (ET) and 
total irrigation amount based on replacement of ET during duration of the 
experiments, October 2009 to March 2010.  
Month  Monthly temperature 
 
oC
 
Total monthly 
evapotranspiration 
(ET) 
Total 
monthly 
irrigation  
  Min  Max  mm  mm 
Oct 2009  10.5 (4.07)  23.8 (4.26)  149.8 (1.25)  90.0 
Nov 2009  11.9 (3.49)  26.8 (4.18)  105.8 (1.01)  63.5 
Dec 2009  14.7 (3.34)  31.5 (4.58)  240.6 (0.82)  144.4 
Jan 2010  17.8 (3.60)  34.4 (4.40)  253.7 (1.18)  152.2 
Feb 2010  17.5 (3.80)  32.8 (4.46)  193.7 (1.36)  116.2 
March 2010  16.7 (3.98)  30.9 (4.08)  173.2 (1.18)  103.9 
Monthly temperature and ET observation is from Perth Metro Station, located 20.2 km from the site. 
Calculation of irrigation volumes based on tank size (0.6mm/tank). A rainfall volume is not included 
as all the tanks were placed under a shelter.   
 
 
5.2.4   Sample collection and analysis 
Samples of irrigation greywater (LGW, BGW), and TW; leachate; soil and turf grass 
tissue were analysed  for salts and nutrients: sodium (Na), chloride (Cl), 
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn),   111 
aluminum (Al) and boron (B). These elements were selected because they are 
dominant constituents in greywater and have a beneficial role in turf grass growth 
(Carrow et al., 2001).  
 
Irrigation water (influent) and leachate (effluent) 
To monitor any change, irrigation water quality was tested every 60 days. The 
leachate samples from each tank were collected daily from the poly-ethylene 
bottles placed in the under-tank outflow. The pH of water used for irrigation and 
leachate was measured daily with a pH probe and meter (AQUA, TPS Australia) 
fitted with calibrated electrodes following the manufacturer’s instructions.  The 
volumes of leachates from each tank were measured 24 hours after irrigation, 
before the daily irrigation. Later, leachate samples were combined, transferred to 
clean poly-ethylene containers, labeled and stored at 4
oC in a cooler to give a 
weekly composite sample for each tank. Samples were then taken to the NATA 
accredited laboratory for ICP-AES analysis.  
 
Soil 
Soil samples were collected from the upper 10cm of each tank before irrigation 
commenced and were collected after 30, 90 and 180 days. Nine samples of 10g of 
soil were collected from each tank, placed in a clean plastic bucket, mixed, and 
sub-sampled. A single composite sample from each tank was submitted to the 
laboratory for analysis. All sampling holes were filled with clean soil from an 
undisturbed area of the field just beyond the experimental area. Soil elements were 
extracted  using 0.05N HCl and 0.025N H2SO4  as described in the double acid   112 
extraction method  (Jackson, 1958)  following analysis by ICP-AES at a NATA 
accredited laboratory. 
 
Plant tissue  
Turf grass height was measured every month. Turf grass growth for the tank test 
was measured by the dry mass of the turf grass clippings from each tank. Turf 
grasses in all tanks were cut 30 and 180 days after planting, cutting the turf grass 
to 15mm height with hand-held scissors, drying at 65°C, weighing and submitting 
for elemental analysis. Turf grass tissues were digested using dry ashing method 
(Kalra, 1998); 0.5g of dry plant material was placed in the muffle furnace and 
heated to 450
оC. The ash then had 1N HNO3 and 1N HCl added to it to dissolve 
the residue.  Samples were then taken to the NATA accredited laboratory for ICP-
AES analysis. 
 
5.2.5   Mass balance 
Mass balances for influent and effluent were determined by multiplying the 
concentration of nutrients by the volume of water. Mass balances in soil were 
determined by multiplying the concentration of soil nutrients by the volume of soil in 
the tank. Mass balances in turf were determined by multiplying the nutrient 
concentrations in the leaves and shoot samples by the total weight (dry weight) of 
the clippings after they were cut. 
 
5.2.6   Statistical analysis 
A one-way ANOVA was used on the mean of irrigation inflow and leachate, and on 
soil and turf grass nutrient concentrations. Significant differences between irrigation   113 
tanks when ANOVA suggested a treatment effect (p < 0.05). In the absence of 
significant interactions, means were separated using Tukey’s Studentized Range 
Test. Differences between irrigation in the tanks are reported at P< 0.001. The 
error bars on the graphs at each data point represent the standard error of the 
mean (not visible when smaller than the size of the symbols). Regression analysis 
among soil and turf grass tissue nutrient content were analysed with Pearson’s 
product moment correlation coefficient, r, and the t-test using SigmaPlot 10 and 
SigmaStat  3.5 software package (SPSS Inc.). The Mann-Whitney U test was also 
tested for non-parametric significance test that was similar to a student-t test on the 
data after ranking over the combined samples. 
 
5.3    RESULTS 
5.3.1   Irrigation water quality 
The quality of irrigation water - LGW, BGW and TW - was within the recommended 
limits, except that there was a slight increase of B in the LGW and BGW, as shown 
in Table 5.4. pH values in all irrigations types were found to be neutral, ranging 
from 6.4 to 6.6. As expected, the highest level of salt by EC measurement was 
found in LGW (960 μS/cm), followed by BGW (630 μS/cm), compared to TW (590 
μS/cm). LGW irrigation had significant influence (p < 0.05) over the concentration 
of nutrients Na, Cl, B, K, P and Zn, whilst BGW irrigation showed a significant 
increase (p < 0.05) in nutrients Ca, Mg, K and Zn. SAR is !5.23 for LGW and 5.3 for 
BGW, exceeding the recommended limit of 5 (IME, 2003).  
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Table 5.4. Mean (± S.E.) values (n = 9) of irrigation water compared with range 
or maximum limit for irrigation. Samples were taken every 60 days. 
Concentrations are in mg/L unless stated otherwise. 
  Tap water 
(TW) 
Laundry water 
(LGW) 
Bathtub water 
(BGW) 
Recommended 
ranges or upper 
limits for irrigation 
purposes 
pH  6.4 + 0.1  6.5 + 0.1  6.6 + 0.1  6.5-8.5
(a);(b) 
EC, μS/cm  590 + 20  960 + 60  630 + 20  950-1900 
µS/cm
(a), 1.4 
dS/m
(b) 
Salts         
Na  48.50 + 2.86  146.67 + 8.82  80.33 + 0.88  <230 
(a), 150
(b) 
Cl  40.00 + 8.16  180.00 + 5.77  130.00 + 1.23  250
(b) 
Macronutrients         
Ca  15.00 + 4.08  17.00 + 1.00  22.00 + 1.02  20-60
(d) 
Mg  3.90 + 0.24  4.37 + 0.07  5.17 + 0.03  10-25
(d) 
K  1.00 + 0.16  4.07 + 0.09  6.67 + 0.03  5-20
(d) 
P  0.02 + 0.07  0.31 + 0.03  0.23 + 0.05  <12(total)
(b), 5 
(total)
(b), 0.1-0.4
(d) 
Micronutrients         
B  0.02 + 0.10  0.54 + 0.003  0.55 + 0.01  0.4
(b) 
Zn  0.02 + 0.003  0.01 + 0.001  0.03 + 0.002  2.00
(b);(c) 
Al  0.02 + 0.004  0.06 + 0.003  0.05 + 0.006  5.0
(b);(c) 
         
SAR*  4.98  15.25  5.33  4.0
(a); 5.0
(b) 
 (a) ANZECC and ARMCANZ (2000); Myers et al., (1999); (b) IME (2003); (c) Asano (1998), (d) Harivandi (1994) 
* SAR = 
2 / Mg Ca
Na
+
, Na, Ca and Mg in meq/L (calculated) 
 
5.3.2   Leaching volumes 
The volumes of tank effluent leachate are shown graphically in Figure 5.2. The 
highest volume of leachate was in the order of LGW>BGW>TW and occurred at a 
time of lowest air temperatures,  at  the beginning of the experiment. As the air 
temperature gradually rose until its maximum in January, the proportional volume 
of leachate declined markedly. Leachate volumes then increased at a gradual rate 
over the final period of the study. A significant inverse in the order TW>BGW>LGW   115 
existed in January and until the end of the study month, during the highest mean 
air temperature of 34
oC. 
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Figure 5.2. The leaching outflow and study site monthly mean air 
temperature (
oC) recorded at Perth Metro Weather Station 
 
Observation of First Leaching  
The first introduction of LGW and BGW and TW altered the leaching behaviour of 
the soil. The initial pumping rate of the irrigation water was 4.3L/min, a high rate of 
watering. LGW was observed to leach faster in the dry soil than damp soil (wet soil 
treated based on field capacity). The maximum vertical transmission of LGW after 
2 mins was 38cm, which was slightly more than BGW of 35cm.  
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  0.5 min        1.5 min          2.0 min 
 
Time lapsed(min)  Horizontal dispersion 
diameter (cm) 
Vertical dispersion  
length (cm) 
0.5  16  21.5 
1.5  14  31 
2.0  10.5  34 
 
Figure 5.3. First leaching of TW in dry soil 
 
 
 
 
       
  0.5 min      1.0 min      2.0 min 
 
 
  Horizontal dispersion 
diameter (cm) 
Vertical dispersion length 
(cm) 
Time lapsed(min)  Damp soil 
(L1) 
Dry soil (L2)  Damp soil (L1)  Dry soil (L2) 
0.5  19  21.3  17  25 
1.0  21.5  22.5  21  30 
1.5  23  22.0  25  35 
2.0  24  20.5  27  38 
 
Figure 5.4. First leaching of LGW in damp soil (left) and dry soil (right) 
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  0.5 min      1.0 min      2.0 min 
 
 
  Horizontal dispersion 
diameter (cm) 
Vertical dispersion length 
(cm) 
Time lapsed (min)  Damp soil 
(B1) 
Dry soil (B2)  Damp soil (B1)  Dry soil (B2) 
0.5  21  17  17  22 
1.0  19  19  23  27 
1.5  17  15.8  25  33 
2.0  16  13  27  35 
 
Figure 5.5. First leaching of BGW in damp soil (left) and dry soil (right) 
 
5.3.3   pH, EC and nutrient balances  
Changes of pH and EC in irrigation water 
The application of the LGW and BGW resulted in minimal pH changes between the 
inflow (irrigation) and outflow (leachate) solution. It was not significantly different: P 
= 0.626 (Figure 5.6). The pH values were neutral and in the range of 6.5 to 6.6. 
The EC in the leachate increased about two-fold after irrigation  with LGW and 
BGW (Figure 5.6). A high overall mean EC value was found in LGW, with values 
of 959 μS/cm (inflow) and 2,638 μS/cm (outflow).    118 
Figure 5.6. The overall mean EC and pH of inflow (irrigation) and outflow 
(leachate) 
 
 
Influent and Effluent Mass Balance 
 
The mass balances of all nine nutrients are shown in Figures 5.7 and 5.8. The 
leaching of nutrients from TW and BGW irrigation tanks was less marked  and 
showed similar trends. LGW irrigation resulted in an increase in the mass of salt: 
Na (50%), Cl (50%) and nutrients: K (100%), Ca (37.5%) and Al (100%) from the 
soil tank experiment compared to the concentration values obtained for the 
irrigation. BGW irrigation resulted in an increase in the mass of K (37.5%), Al 
(100%) and B (20.8%) losses from the tanks. Irrigation with TW increased the 
mass of Na (50%), Cl (50%), K (100%), Al (100%) and B (100%) losses from the 
tanks.  
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Figure 5.7. Salt and macronutrients mass balance of irrigation water (inflow) 
and leachate (outflow) 
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Figure 5.8. Micronutrients mass balance of irrigation water (inflow) and 
leachate (outflow) 
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5.3.4   Soil quality  
The soil quality as affected by TW, LGW and BGW irrigation at the commencement 
of the tank test and after 30, 90 and 180 days is shown in Figure 5.9. The soil pH 
of LGW irrigation tanks was found to have decreased slightly but it produced a 
higher soil EC than with BGW and TW (Table 5.5). The Na, Cl and P content in soil 
increased over time in all irrigation types. The significant increase in Na, Cl and P 
was observed for those nutrients that are prominent in the LGW tanks, with 
163mg/kg, 496mg/kg and 17mg/kg, respectively. For the BGW tanks, the Na 
content was relatively constant over time with the mean value of 60mg/kg. 
Conversely, Ca and Mg deficiency in soil content was seen in all irrigation types, 
with a significant decrease in BGW irrigation tanks. The BGW tanks showed almost 
constant K concentration in the soil throughout the study period. Concentration of 
Al was significantly lower than its initial concentration. A summary of the soil 
chemistry changes after 30, 90 and 180 days irrigated with TW, LGW and BGW is 
given in Table 5.6. 
 
Table 5.5. Soil pH and EC before (initially) and after 30, 90 and 180 days of 
TW, LGW and BGW irrigation, n = 9 with (± S.E.) 
  Initial  30-day  90-day  180-day 
TW  LGW  BGW  TW  LGW  BGW  TW  LGW  BGW 
pH  
(1:5;soil: H2O) 
7.0 
(0.3) 
7.2 
(0.1) 
7.5 
(0.1) 
7.3 
(0.1) 
6.5 
(0.2) 
7.0 
(0.2) 
6.8 
(0.1) 
7.0 
(0.3) 
7.2 
(0.1) 
7.5 
(0.4) 
pH (CaCl2)  6.5 
(0.2) 
6.8 
(0.1) 
7.0 
(0.2) 
6.9 
(0.3) 
5.7 
(0.3) 
6.4 
(0.1) 
6.2 
(0.1) 
6.5 
(0.3) 
6.8 
(0.2) 
7.0 
(0.1) 
EC (mS/cm)  0.49 
(0.06) 
0.58 
(0.21) 
0.93 
(0.08) 
0.62 
(0.12) 
0.63 
(0.05) 
0.90 
(0.07) 
0.64 
(0.65) 
0.49 
(0.58) 
0.58 
(0.52) 
0.93 
(0.05)   122 
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Figure 5.9. Soil quality changes after 30, 90 and 180 days irrigated with  
TW, LGW and BGW  123 
Table 5.6. Mean (± S.E.) of soil salts and nutrients after 30, 90 and 180 days of irrigation with TW, LGW and BGW 
 
  0 day  30-day  90-day  180-day 
  TW  LGW  BGW  TW  LGW  BGW  TW  LGW  BGW 
Salt                     
Cl, mg/kg  68.00 + 4.00  144.00 + 
31.75 
480.00 + 
12.00 
368.00 + 35.55  160.00 + 16.00  460.00 + 34.87  364.00 + 31.24  152.00 + 4.00  496.00 + 21.17  416.00 + 
39.40 
Na, mg/kg  30.40 + 1.06  88.00 + 
4.62 
162.67 + 
1.33 
60.00 + 2.31  108.00 + 14.05  153.33 + 1.33  60.00 + 2.31  98.67 + 7.42  160.00 + 4.62  57.33 + 1.33 
Macronutrients                     
P, mg/kg  2.27 + 0.13  4.80 + 1.06  16.00 + 0.40  12.27 + 1.19  5.33 + 0.53  15.33 + 1.16  12.13 + 1.04  5.07 + 0.13  16.53 + 0.71  13.87 + 1.31 
Ca, mg/kg  169.33 + 5.81  142.67 + 
7.06 
101.33 + 
7.42 
100.00 + 6.93  178.67 + 36.83  98.67 + 4.81  76.00 + 6.11  144.00 + 4.62  109.33 + 5.81  78.67 + 5.81 
K, mg/kg  21.20 + 0.61  70.67 + 
18.67 
64.00 + 0.00  22.40 + 0.80  62.67 + 10.67  60.00 + 0.00  19.07 + 0.58  54.67 + 3.53  60.00 + 2.31  20.53 + 0.81 
Mg, mg/kg  45.33 + 1.33  15.33 + 
0.81 
16.40 + 0.23  9.20 + 0.40  19.20 + 3.63  16.13 + 0.13  7.87 + 0.53  16.67 + 0.71  17.20 + 0.23  7.73 + 0.27 
TP, mg/kg                30.07 + 3.55  62.87 + 4.17  55.43 + 2.54 
TN, mg/kg                0.02 + 0.03  0.02 + 0.03  0.04 + 0.03 
Micronutrients                     
Zn, mg/kg  4.80 + 0.46  5.47 + 0.27  4.13 + 0.13  5.33 + 0.13  5.47 + 0.48  4.27 + 0.13  4.11 + 0.15  4.93 + 0.13  4.13 + 0.13  4.27 + 0.13 
Al, mg/kg  77.33 + 1.33  25.60 + 
0.61 
28.80 + 1.16  9.60 + 0.10  36.93 + 7.68  28.53 + 0.58  46.67 + 1.33  40.40 + 7.84  29.60 + 0.61  46.67 + 1.33 
B, mg/kg  1.91 + 0.15  1.97 + 0.07  2.27 + 0.05  1.73 + 0.07  2.23 + 0.25  2.27 + 0.06  1.59 + 0.06  2.05 + 0.01  2.25 + 0.04  1.68 + 0.05 
TDS  420.57  498.51  875.6  588.53  578.50  838.53  591.44  518.46  895.04  646.75 
SAR    0.26 + 0.27  0.99 + 1.04  2.46 + 0.30  0.97 + 0.55  0.97 + 0.61  2.38 + 0.47  1.27 + 0.61  1.09 + 2.48  2.25 + 1.34  1.17 + 0.38 
 
 
   124 
5.3.5   Salt and nutrient uptake of turf grass  
The salt and nutrient uptake of the turf grass irrigated with LGW and BGW showed 
a steady increase of Na, Cl and B compared with TW (Figure 5.10). The highest 
uptake of those elements was in the LGW tanks. Macronutrient uptake for P and K 
slightly decreased in turf after 30 days, especially for LGW and BGW compared to 
TW. Macronutrient deficiency also was observed for Ca in all irrigation types after 
30 days and a significant increase was observed at the end of study. TW and BGW 
showed a significant increase of macronutrient uptakes for Mg, except LGW which 
showed a slight decrease at the final sampling. There was a slight decrease from 
the initial uptake in Zn uptake by turf grass after 30 days’ sampling in all irrigation 
types. However, an increase in Zn uptake was seen at the end of sampling.  
 
The height of turf grass was observed to be higher in LGW at the start of the 
experiment (Figure 5.11). It continued to grow until week 4 and then the height 
decreased gradually until the end of the study period. The height of the turf grass 
after being irrigated with BGW was lower than with tap water irrigation but then 
growth increased during the final 2 months. The growth of the turf grass can be 
seen in Figure 5.13. Irrigation with LGW and BGW resulted in turf grass growing 
well for the first 2 months, but gradually dying off after 16 weeks, which may be 
due to insufficient nutrients to sustain the growth. A summary of the turf grass 
nutrient uptake after 30 and 180 days irrigated with TW, LGW and BGW is given in 
Table 5.7. 
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Figure 5. 10. Turf grass quality after 30 and 180 days of irrigation 
with TW, LGW and BGW 
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Figure 5. 11. Height of turf grass initially and after being irrigated with LGW, 
BGW and TW; mean of three replicates (± S.E.) 
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Table 5.7.  Mean (± S.E.) of turf grass tissue salt and nutrient after 30 and 180 days of being irrigated with TW, LGW 
and BGW compared with common nutrient sufficiency range and its impact on plant growth 
  Plant 
Available 
Form 
0 day  30-days  180 days  Common nutrient  
sufficiency range  
Impact on plant 
growth    TW  LGW  BGW  TW  LGW  BGW 
Salt, %                     
Na  Na
+  0.08 + 
1.45 
0.15 + 0.05  0.72 + 0.05  0.21 + 0.04  0.69  2.90 + 0.06  0.74 + 0.22  NA  Not required. Involved in osmotic 
regulation 
Chlorine   Cl
-  0.16 + 
2.01 
<0.01 + 
0.00 
0.90 + 0.00  <0.01 + 
0.00 
0.89  1.58 + 0.05  1.18 + 0.03  200-400
(a)  Direct toxic to leaf tissues and roots, 
more often it reduces water 
availability.
(a)  
Primary nutrients                     
Nitrogen  NO3
2-  
(or NH4
+)* 
306  <40.00 + 
0.00 
11.00 + 
0.00 
<40.00 + 
0.00 
6  13.00 + 
1.00 
17.00 + 
1.00 
2.80-3.50
(a) and (c)  Required. Important role in plant 
growth. 
TN    2.61  5.35 + 0.02  5.94 + 0.02  5.82 + 0.21  6.32  5.22 + 0.62  6.47 + 0.07  2.8-3.5 (as N)
(a)  Required. 
Phosphorus  H2PO4
-, 
HPO4
2- 
0.33 + 
0.87 
0.67 + 0.00  0.66 + 0.00  0.66 + 0.00  0.76  0.69 + 0.04  0.53 + 0.08  0.20-0.55
(a); 0.10-
0.40
(c); 0.28–0.34
(d) 
Required. Important role in plant 
growth. 
Potassium  K
+  0.85  3.88 + 0.02  3.45 + 0.02  3.65 + 0.15  4.02  2.81 + 0.20  3.36 + 0.05  1.50-3.00
(a), 1.0-
2.50
(c) 
Required for turgor buildup and 
maintains 
the osmotic potential of cells.
(a) 
Secondary 
nutrients 
                   
Calcium  Ca
2+  0.54 + 
2.31 
0.22 + 0.01  0.17 + 0.01  0.24 + 0.00  0.42  0.34 + 0.00  0.61 + 0.07  0.50-1.25
(a); 0.50-
1.20
(c) 
If excessive; distorted appearance of 
new leaves; reddish brown to rose leaf 
blades, stunted and discoloured roots.
(a) 
Magnesium  Mg
2+  0.12 + 
1.01 
0.19 + 0.01  0.19 + 0.01  0.19 + 0.01  0.22  0.19 + 0.01  0.26 + 0.03  0.15-0.50
(a); 0.2-
2.60
(c) 
If excessive; general loss of green 
color.
(a) 
Sulfur  SO4
2-   0.3  0.44 + 0.02  0.49 + 0.02  0.44 + 0.02  0.53  0.94 + 0.07  0.49 + 0.02  0.20-0.50
(a); 0.20-
0.40
(c 
If excessive; foliar burn, reduced shoot 
growth, yellowing of new leaves with 
leaf tips.
(a) 
Micronutrients, mg/kg                   
Iron  Fe
2+  996.8  115.8 + 
2.90 
122.20 + 
2.90 
112.35 + 
5.15 
280.4  215.85 + 
6.85 
203.20 + 
32.5 
50-100
(a); 3.5-100
(c)  If excessive; cause tissue injury, can 
induce Mn deficiency, acidic, poorly 
drained soils produce toxic to roots.
(a) 
Manganese  Mn
2+  349.8  141.6 + 
4.45 
82.35 + 
4.45 
131.00 + 
9.5 
327.8  164.90 + 
3.60 
224.25 + 
12.85 
15-100
 (b); 25-150
(c)  Required:toxicity depends on Fe/Mn 
ratio
 (b) 
Zinc  Zn
2+  123.65 
+ 0.56 
105.02 + 
2.47 
100.17 + 
2.47 
99.74 + 
0.98 
126.2  173.75 + 
18.55 
137.04 + 
8.61 
15-200
 (b); 22-30
(c)  Required:toxic at >200 ppm
 (b) 
Copper  Cu
2+  66.67  18.92 + 
0.49 
17.18 + 
0.49 
16.71 + 
0.33 
24.72  18.66 + 
0.12 
15.21 + 
2.59 
2-15
(b); 5-20
(c)  Required at 2-4 ppm:toxic at  
>20ppm.
 (b) 
Boron  B  4.37 + 
0.72 
11.3 + 0.05  13.35 + 
0.85 
11.15 + 
0.15 
29.5 + 
0.03 
41.30 + 
3.30 
32.05 + 
9.55 
5-30
 (b); 10-60
(c)  Required, wide species differences
 (b) 
 
               
   
(a) Carrow et al., (2001) 
(b) Lazarova and Asano (2004) 
(c)Turner (1993), 
(d)Sanchez (2007)  128 
 
 
 
Figure 5.12. Turf grass planted on 3 Oct 2009 
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Figure 5.13. The development and growth of turf grass 
 
 
5.3.6   Soil and plant correlations 
The Pearson’s product moment correlation and student’s -t test were carried out to 
test the interdependence of soil chemistry and turf grass for each variable.  
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difference (P = <0.001) for K in soil and turf grass from BGW. A summary of the 
statistical analysis is presented in Table 5.8. 
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Table 5.8. Pearson’s product moment correlation and student’s t-test of   
            salt and nutrients in soil and plant irrigated with TW, LGW and BGW 
 
Time 
Δ 
TW  LGW  BGW 
 
Soil  Plant 
Correlation 
t-test  Soil  Plant 
Correlation 
t-test  Soil  Plant 
Correlation 
t-test 
Cl  t30-t0  76.00  -0.15 
-1.00 
P=0.057  
412.00  0.74   
-1.00 
P=0.057  
412.00  -0.15   
-1.00 
P=0.057     t180-t 30  8.00  0.88  16.00  0.68  16.00  0.00 
Na  t30-t0  57.60  0.07 
-1.00 
P=0.057  
132.27  0.64 
-1.00 
P=0.057  
132.27  0.13   
-1.00 
P=0.057     t180-t 30  10.67  0.54  -2.67  2.19  -2.67  0.53 
P  t30-t0  2.53  0.34  1.00 
P = 0.007  
13.73  -0.01  -1.00 
P=0.057  
13.73  -0.01  1.00 
P=0.057     t180-t 30  0.27  0.09  0.53  0.03  0.53  -0.14 
Ca  t30-t0  -26.66  -0.32  1.00 
P=0.057  
-68.00  -0.05  1.00 
P=0.057  
-68.00  0.02  1.00 
P=0.057     t180-t 30  1.33  0.20  8.00  0.17  8.00  0.37 
K  t30-t0  49.47  3.03 
1.00 
P=0.057 
42.80  -0.44 
1.00 
P=0.057  
42.80  -0.24  1.00 
P = <0.001  
    t180-t 30  -16.00  0.14  -4.00  -0.64  -4.00  -0.29 
Mg  t30-t0  -30.00  0.07  -1.00 
P=0.057  
-28.93  0.01  -1.00 
P=0.057  
-28.93  0.01  1.00 
P=0.057     t180-t 30  1.33  0.03  0.80  -0.01  0.80  0.06 
Zn  t30-t0  0.67  -18.63  -1.00 
P=0.057  
-0.67  -4.85  1.00 
P=0.057  
-0.67  -5.29  1.00 
P=0.057     t180-t 30  -0.53  121.18  0.00  73.58  0.00  37.31 
B  t30-t0  0.07  25.13  -1.00 
P=0.057  
26.89  11.80  1.00 
P=0.057  
0.36  2.55  1.00 
P=0.057     t180-t 30  0.08  0.00  0.80  0.00  -0.01  0.00 
 Note: The significant correlations (P) are marked in bold. 
 
5.3.7   Mass balance ratio of nutrients 
The total mass balance calculated for Na, Cl, P, K, Ca, Mg, B, Zn and Al in the 
couch turf grass for different irrigation types, TW, LGW and BGW, are shown in 
Table 5.9. The mass balance for Mg was the highest, with 91% to 193% of the 
nutrient recovered in BGW. Al recovery was 59% to 87%; the highest was found in 
LGW. Mass balances for Ca, B and Zn were lower and ranged from 30 to 71%. Na 
concentrations were more variable owing to the high solubility of Na, with the 
highest recovery in BGW, resulting in overall recovery amounts of 17 to 38%. For 
Cl, P and K, the mass balance accounted for 5 to 40% recovery of the nutrients. 
The data confirm an increased amount of stored Na, Cl, P and K in the soil at the   131 
end of the study. Salt and nutrient uptake by turf grass was increased for Na, Cl, B 
and K. Micronutrient deficiency in turf grass uptake was observed for Ca and Mg.   
 
Table 5.9. Total mass balance (g) of the nine elements (salt and nutrients) in 
couch turf grass under TW, LGW and BGW irrigation in the 24-weeks study 
period 
 
Irrigation 
type 
 
Mass In  Mass Out   
Irrigation  Soil  Turf  Total  Leachate  Soil  
 
Turf  Total 
Input/ 
Output 
  ----------------------------------------------------------g/tank-----------------------------------------------------   
        Sodium (Na)         
TW  0.77  1.12  0.002  1.89  0.46  10.86  0.01  11.32  0.17 
LGW  2.46  1.12  0.002  3.59  3.20  17.54  0.02  20.76  0.17 
BGW  1.35  1.12  0.002  2.47  0.81  6.53  0.01  7.36  0.38 
  Chloride (Cl)   
TW  0.67  2.51  0.00  3.18  0.53  16.80  0.00  17.33  0.18 
LGW  3.02  2.51  0.00  5.53  3.29  52.90  0.02  56.21  0.10 
BGW  2.18  2.51  0.00  4.69  0.88  37.76  0.01  38.65  0.12 
  Phosphorus (P)   
TW  0.00  0.08  0.01  0.09  0.00  0.56  0.02  0.58  0.16 
LGW  0.01  0.08  0.01  0.10  0.00  1.76  0.01  1.78  0.05 
BGW  0.00  0.08  0.01  0.09  0.00  1.41  0.02  1.43  0.07 
  Potassium (K)   
TW  0.01  0.78  0.02  0.81  0.06  6.93  0.10  7.08  0.11 
LGW  0.07  0.78  0.02  0.87  0.41  6.78  0.07  7.26  0.12 
BGW  0.11  0.78  0.02  0.91  0.10  2.28  0.09  2.48  0.40 
  Calcium (Ca)   
TW  0.24  6.24  0.01  6.49  0.06  17.14  0.01  17.21  0.38 
LGW  0.29  6.24  0.01  6.53  0.34  11.40  0.00  11.74  0.56 
BGW  0.37  6.24  0.01  6.62  0.11  9.38  0.01  9.50  0.71 
  Magnesium (Mg)   
TW  0.06  1.67  0.002  1.73  0.02  1.89  0.005  1.91  0.91 
LGW  0.07  1.67  0.002  1.75  0.06  1.83  0.004  1.90  0.92 
BGW  0.09  1.67  0.002  1.76  0.02  0.91  0.006  0.94  1.93 
  Boron (B)   
TW  0.00  0.07  0.00  0.07  0.00  0.23  0.00  0.23  0.30 
LGW  0.01  0.07  0.00  0.08  0.01  0.25  0.00  0.26  0.31 
BGW  0.01  0.07  0.00  0.08  0.00  0.18  0.00  0.19  0.43 
  Zinc (Zn)   
TW  0.0002  0.18  0.0002  0.18  0.00  0.58  0.0003  0.58  0.30 
LGW  0.0012  0.18  0.0002  0.18  0.00  0.46  0.0001  0.46  0.39 
BGW  0.0006  0.18  0.0002  0.18  0.00  0.50  0.0003  0.51  0.35 
  Aluminium (Al)   
TW  0.0002  2.85  N/A  2.85  0.01  3.79  N/A  3.80  0.75 
LGW  0.0010  2.85  N/A  2.85  0.06  3.20  N/A  3.26  0.87   132 
BGW  0.0008  2.85  N/A  2.85  0.03  4.85  N/A  4.88  0.59 
N/A=Not analysed 
 
 
5.4   DISCUSSION 
Salts and nutrients in greywater irrigation water are of concern because of their 
influence on turf grass growth. Turf grass needs macronutrients and micronutrients 
to support its growth. The macronutrient or primary nutrients N, P and K are 
required in large quantities among other nutrients. Carrow et al. (2001) suggest 
that these nutrients be added at 0.1 to 6.0% by dry weight of tissue at regular 
intervals. Here, only P and K were included even though previous researchers 
have recognized that untreated LGW and BGW carry relatively low levels of N. N is 
mostly concentrated in from excreta and kitchen sources, and is normally expected 
in greywater (Jefferson et al., 2004; Eriksson et al., 2002). Turf grass also needs 
the secondary nutrients Ca, Mg and S. Ca and Mg are normally supplied to the soil 
by the applying liming materials. Micronutrients or trace nutrients are required in 
very small amounts by plants, usually at 1.0 to 500 ppm (Carrow et al., 2001). In 
this study, the micronutrients included are Zn, Al and B.  
 
Irrigation water quality 
The concentrations of nutrients are largely dependent on the concentrations and 
quality of the water used for irrigation. Carrow and Duncan (1998) highlighted that 
the salts Ca, Mg, Na, K, and Cl
 are most commonly found in salt-affected soils. In 
this study, there are significant levels of these salts in LGW and BGW, compared 
to TW (Figure 5.6). High levels of EC (960 μS/cm or 0.96 dS/m) indicate the high 
level of salts contributed by LGW. This value is higher than reported by Misra et al. 
(2010), where the EC value was 653.3 ± 3.1 μS/cm in LGW. However, greywater   133 
salinity levels are within the acceptable range (0.65 - 1.3 dS/m) for the irrigation of 
moderately sensitive crops (ANZECC and ARMCANZ, 2000).  
 
Roesner, Qian et al. (2006) state that the pH of greywater is generally neutral, but 
tends to be slightly higher than the source water because of the addition of 
detergents (Christova-Boal et al., 1996). The pH of wash cycle water, however, has 
been suspected of contributing a pH as high as 7.5 (Christova-Boal et al., 1996) 
and 8.2 (Gross et al., 2005). Analysis of the quality of TW, LGW and BGW used for 
irrigation and leachate in this experiment shows that greywater caused only a small 
change in pH, ranging from 6.4 to 6.6 (Figure 5.6). Similarly, a study by Misra and 
Sivongxay (2009) showed a small decrease in pH of 6.25 (irrigation water) and 
6.51 (leachate). It also contained twice as much salt as TW, with Na as the 
dominant ion. The change of pH in LGW was expected as it was derived from the 
full cycle washing, whereas the rinse cycle diluted the salts in the final washing 
process.  
 
LGW contained elevated Na levels compared to BGW. The Na in the LGW results 
from its use of  as a counter to several anionic surfactants used in powered laundry 
detergents (Jeppesen, 1996) and the use of Na and Cl in ion-exchangers. Washing 
detergents are also the primary source of the PO4 found in greywater (Eriksson et 
al., 2002; Christova-Boal et al., 1996). P was used as a builder to adjust the water 
chemistry to a higher pH and bind hardness cations (Tjandraatmadja et al., 2008). 
This may explain why P is generally higher in LGW than in BGW, 0.31 and 0.23 
mg/L, respectively (Table 5.4).  
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Other nutrients in LGW are P, B and Al. Studies confirm that there are a broad 
range of these nutrients in Australian laundry detergents (Christova-Boal  et al., 
1996; Patterson, 2004; Tjandraatmadja et al., 2010; Tjandraatmadja et al., 2008). 
In this study, concentrations of B were slightly higher in BGW than in LGW (Table 
5.4). This can be supported by Tjandraatmadja et al. (2008), who had found 62% 
of B in Australian household and personal care products such as laundry liquid and 
body wash. In this  study, the use of powdered laundry detergent may have 
contributed to the lower concentration of B in LGW.   
 
Al is used in Na-Al-silicates to produce a multi-valent ion exchange capacity metal 
ion which cannot be bound by phosphate during the washing process (Schwuger 
and Smolka, 1976; Christova-Boal et al. 1996). Al in this form is insoluble in water 
and therefore is not considered detrimental to plant life (Christova-Boal  et al., 
1996). However, the concentrations of these nutrients in greywater in this study are 
generally low. The quantity of zinc was attributed to specific sunscreen and anti-
dandruff shampoo  formulations  (Tjandraatmadja  et al., 2008); zinc is also 
contained in common brands of household washing powders (Aonghusa and Gray, 
2002).  Comber and Gunn (1996)  also noted that zinc (46.0%) from plumbing 
materials raised concern because significant amounts of Zn and other metals have 
been found in Irish sewage sludges. However, the concentrations of these 
micronutrients in the irrigation water during this study are within the recommended 
range or maximum value for irrigation waters (Table 5.4).  
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Salinity and soil effects 
The effects of salinity from LGW and BGW on soil are noted. They contribute to 
soil salinity through an increase in SAR and also as a major contributor to TDS. 
Reid and Sarkis (2006) stated that the SAR is correlated with the structural stability 
of the soil. SAR values for LGW and BGW were found to be 15.3 and 5.3, 
respectively. Both were high compared to the SAR value of 4 set by ANZECC and 
ARMCANZ (2000). A study carried out by Qian (2008) found that SAR of recycled 
wastewater from reuse sites ranged from 1.6 to 8.3. Gross et al. (2005) found that 
the SAR value of LGW irrigation was 2.36 compared to a SAR of 1 in a soil plot 
irrigated with greywater. 
 
Long-term continuous use of water with high SAR negatively affects soil properties. 
There is a destruction of soil infiltration and permeability (Harivandi, 2000; Qian, 
2008; Gross et al., 2005). Gulyas (2007) claimed that overloading the garden with 
salt causes degradation of the soil structure and permeability, partly because salt is 
not degraded in the soil. Carrow and Duncan (1998)  noted that high Na can 
destroy soil structure and thereby indirectly influence turf grasses via low water 
infiltration, poor drainage and low soil oxygen. Again, they noted that at high SAR 
value, ion imbalance can occur in some soils, leading to nutrient deficiencies of Ca, 
K, Mg, or P, which is in agreement with this study. 
 
The relationship between soil salinity (EC) and its flocculating effects and sodicity 
(SAR) and its dispersive effects influence whether or not soil will stay aggregated 
or become dispersed under various salinity and sodicity combinations (Warrence et 
al., 2002). Clay soils can hold more water and are slower to drain than coarse-   136 
textured soils. Small particles can pack closely together, block intervening spaces 
and prevent water from passing through. Sand particles are larger and therefore 
have larger pore spaces for water to pass through. The end result is that sandy 
soils can withstand higher salinity irrigation water because more dissolved salts will 
be removed from the root zone by leaching. 
 
During the initial stage of irrigation with greywater a high infiltration rate and rapid 
drainage was observed, as expected with sandy soils (Figure 5.2). It seems there 
is initially a relatively low water storage capacity, as affected by cation exchange 
capacities (Thomas, 1971; Kopp et al., 2004). The water moves through sandy 
soils’ large pores at a high velocity (Carrow and Duncan, 1998). However, the high 
salt content in the irrigation water and frequent application tends to lower the 
drainage flow (Figure  5.2). Accumulations of salt tended to make the soil 
hydrophobic over the length of time  taken for this  study.  Chapter 6  further 
investigates this phenomenon.   
 
Saline irrigation of Australian soil risks accelerated sodification of soil layers unless 
soluble Ca and Mg minerals are present in the soil profiles to lower the SAR of the 
soil solution. This proposition agrees with the work of Al-Zu’bi and Al-Mohamadi 
(2008) where the concentration of Ca being much higher than that of Na resulted in 
only a  very slight increase in SAR. They found that the concentration of 
bicarbonate ion in soil considerably increased, and became 8 to 9 times higher 
than before irrigation, contributing to a rise in total soluble salts in the irrigated soil. 
Therefore, soil fertility management such as calcium topdressing or other 
amendments and frequent aerification is needed to mitigate these effects. This   137 
would contribute to raising the concentration of total soluble salts in the irrigated 
soil. 
 
Effects of salinity and boron on turf grass growth  
In this study, elevated levels of Na, Cl and B in irrigation water resulted in 
increased salt leaching (Figure 5.8), soil salinity (Figure 5.9) and increased salt 
concentration in turf grass tissue (Figure 5.10). Carrow et al. (2001) and Blaylock 
(1994) point out that Na, Cl and B have specific toxic effects on grasses, caused by 
direct contact with irrigation water and buildup in the soil. Na is highly susceptible 
to this as there is an insufficient negatively charged ion, from clay to interact with 
the positively charged cation. Gorham (2007) has shown that excess Na in solution 
is usually accompanied by Cl. As sandy soils have very low water-holding 
capacities and low cation exchange capacities, irrigation water rapidly infiltrates 
them. Soils with high levels of exchangeable sodium (Na) and low levels of total 
salts are called sodic soils. Leaching of B is greatest on acidic sodic soils that are 
sandy (Carrow et al., 2001). 
 
Roesner  et al. (2006) also reported on the effects of greywater irrigation on 
ornamental plants in the US. In Arizona, a two-year study on landscape plants 
irrigated with greywater in residential areas showed an increase in boron (NSFC, 
2002). The study also specifies most of the soaps and detergents in particular use, 
including baking soda, which contains Na compounds that are harmful to plants. 
High levels of Na can cause discoloration and burning of leaves, and can 
contribute toward an alkaline soil condition.  
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The elevated salt levels in LGW significantly impeded the vertical movement of 
irrigation water through the soil. The infiltration and drainage of LGW is significantly 
greater than BGW and TW (Figure 5.4). However, salts tend to accumulate and 
this study found a significant increase in soil salinity. This might be from a low level 
of degradable organic compounds and a slow soil microbial activity. The fact that 
no fertilizer was added during the experiment also contributed to the slow microbial 
activity and thus the increase in soil salinity. Many arid and semi-arid soils are salt-
affected owing to insufficient leaching to remove the salts that accumulate over 
many years from weathering of minerals, groundwater and rain (Carrow and 
Duncan, 1998). Where annual rainfall is less than 380mm, salt-affected soils are 
prevalent.  
 
The presence of high levels of Na and Cl found through this study show the toxic 
effect of salts on turf grass growth. Blaylock (1994), Stevens (2006) and Munns 
(2002) suggest the general effect of soil salinity on plants is an osmotic effect. This 
means that salts decrease the availability of water held in the soil, particularly to 
plants. The plant must use extra energy to get water for growth, flowering or 
fruiting. When soil salinity exceeds a plant’s tolerance, growth reduces. 
Observations from this study showed that turf grass developed well up to week 8 of 
the study (Figure 5.13), but that a reduction in growth gradually occurred after 12 
weeks and the turf died off after 16 weeks in the study period.  
 
Effects of salinity on P and K 
K and Ca are essential nutrients for the growth of turf grass, along with N and P, 
which are also the main nutrients in the ‘complete’ fertilizers. Results show that the   139 
P level is low in the irrigation water (Table 5.4) but slightly increased in the soil 
(Figure 5.9) and plants (Figure 5.10). P is one of the most reactive and immobile 
nutrients in soil. The high reactivity of P in soil leads ultimately to its conversion into 
sparingly soluble forms, resulting in low concentrations of P. Soil microbes release 
immobile forms of P to the soil solution and are also responsible for the 
immobilization of P (Schachtman  et al., 1998). However, Soldat and Petrovic 
(2008)  claimed that sand-based root zones typically have very low P sorption 
capacities, and when they receive soluble fertilizers and have frequent irrigation, 
they discharge the P through subsurface drainage.  
 
Conversely, K compounds are highly soluble in water, and K is withdrawn from 
solution by adsorption to cation exchange sites (Troeh and Thompson, 2005). 
Alfaro et al. (2004) state that K is a mobile ion in soils and consequently significant 
amounts can be lost by leaching. High Na Cl uptake competes with the uptake of 
other nutrient ions, especially K
  (Parida and Das, 2005; Carrow and Duncan, 
1998), leading to K deficiency (Figure 5.10). K effects on soil structure are similar 
to the single-charged Na ion. However, little attention has been paid to K because 
its leaching does not directly result in eutrophication. 
 
Imbalances of micronutrient Ca and Mg 
The simultaneous presence of salts and nutrients in the root zone can influence ion 
uptake by plants and affect their chemical composition. High Na and Cl can be 
toxic to certain plants and can prevent  Ca  and Mg from reaching the plants 
(Stevens, 2006; Feigin, 1985), as shown  in  Figure  5.9.  Ca  is the main 
exchangeable base of clay minerals and is a major component of soils. Troeh and   140 
Thompson (2005) state that Ca
 dissolved in the soil solution can move by mass 
flow and by diffusion, but exchangeable Ca has a very low mobility. Monovalent 
ions such as Na
+ and K
+ are more mobile, because they are less strongly attracted 
to cation-exchange sites than Ca ions are. The displacement of Ca by Na, or other 
cations, can cause Ca deficiency, which may be observed as cupping of the 
youngest leaves, leaf tip burn of vegetables or bent over apices and 
inflorescences.  
 
Nutrients of Zn and Al 
Zn and Al are generally adsorbs strongly to negative charges on soils. Zn has a 
low solubility and strong retention in soil. It is clear therefore that the Zn leaching 
(Figure 5.7), which is increased in soil (Figure 5.9) and turf grass uptake (Figure 
5.10) have offsite impacts:  leaching to groundwater or run-off to streams, with 
probable unacceptable ecological effects. In acidic soils with pH < 5.5, Al toxicity is 
a problem. Palmer and Driscoll (2002) suggest that mobilization of Al from acidic 
forest soils is arguably the most ecologically important consequence of acid 
deposition in the environment. This study has shown that even soil with a neutral 
mean of pH 6.5 (Table 5.5), corresponds to an increase in Al concentration in the 
leachate with all three kinds of irrigation water. 
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5.5   CONCLUSION 
The growth of turf grass irrigated with greywater is determined by the level of 
elements such as P, K, Na, Cl, Ca, Mg, B, Al, and Zn. Irrigation with LGW and 
BGW in sand resulted in significant leaching of some Mg and Al. The mass 
balance showed an increased amount of stored Na, Cl, P and K in the soil at the 
end of the study. A significant reduction in soil hydraulic conductivity or infiltration 
was affected by LGW, followed by BGW after sequence irrigation indicating the 
potential salt accumulation in soil. There was an increase in salt content (Na, Cl) 
and B uptake that affected turf grass growth. Irrigation of turf grass with LGW and 
BGW resulted in the turf grass becoming well established in the first two months of 
LGW and BGW use, but did not survive after week 16 of the study. Nutrient 
addition by means of fertigation (dosing) and flushing with freshwater are 
recommended when turf is irrigated with LGW and BGW. 
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CHAPTER 6 
GREYWATER, SURFACTANT, THE USE OF WETTING AGENTS AND THEIR 
EFFECTS ON SOIL HYDRAULIC PROPERTIES 
 
 
6.1  INTRODUCTION 
Soil assessment after the application of greywater is necessary to measure the 
rate of soil degradation. The major risks when using greywater are from salt and 
surfactant, which is usually found in soaps and detergents. These ingredients are 
the most abundant organic chemicals in municipal greywater (Abu-Zreig  et al., 
2003;  Weil-Shafran  et al., 2006; Eriksson  et al., 2003). Most surfactants have 
degreasing or wash active abilities consisting of a surface active material with 
“hydrophobic tail” and “hydrophilic head”, as shown in Figure 6.1.  
          
       
         
   
          Water 
     
                          Figure 6.1. Surfactant’s role in washing 
 
The hydrophilic head adheres to the water surface, while the hydrophobic tail 
repels the water. When in solution, they reduce the surface tension and attraction 
of water molecules to each other, which is likely to increase the downward 
movement of water through the soil (providing there is subsurface drainage). 
Non-polar tail 
Polar head   143 
However, knowledge of the effects of the surfactants commonly present in laundry 
and household detergents on the hydro-physical properties of soils is limited (Abu-
Zreig et al., 2003; Misra, 2009). 
 
In arid and semi-arid regions, a challenge facing garden irrigation or agriculture 
with high water demand is the soil water repellency, or hydrophobic soils. These 
are common in the Swan Coastal Plain where oils from eucalyptus create non-
wetting conditions. A common strategy to mitigate soil water repellency on golf 
courses and gardens is to apply surfactant-based wetting agents. For example, the 
Water Corporation (www.watercorp.com.au) suggests in its website the following: 
“A soil wetting agent should be applied during the planting or laying process and 
again at regular intervals to prevent soils becoming non-wettable . . . Soil wetting 
agents should be applied to sandy soils at the start of the winter rains, in early 
summer and again as recommended by the manufacturer . . .” 
 
Theoretically, when a surfactant-based wetting agent is added with water to the 
soil, the polar portion of the wetting agent-surfactant bonds with the water while the 
non-polar portion bonds with the non-polar organic coating, thus allowing the soil or 
sand particle to become wet, as seen in Figure 6.2. The wetting agents reduce the 
water tension, allowing water to penetrate through the waxy coated grains. A 
number of products are available on the market in both liquid and granular form 
(Oostinde  et al., 2009).  However, the effects of this practice are not well-
documented.    144 
     
Figure 6.2. The theoretical mode of action of wetting agent to alleviate water 
repellent soils.   
 
Soil infitration rate (K) 
Infiltration is the process by which water arriving at the soil surface enters the soil. 
This process affects surface run-off, soil erosion, and groundwater recharge. Being 
able to measure the infiltration rate, K,  is necessary in many  disciplines. The 
double ring test is often used for measuring infiltration rates, and has been 
described by ASTM (2003).  
 
Capillarity, Pc, indicates the attraction of water molecules to soil particles through 
the soil pores as described by Mingorance et al. (2007):  
 
                                                         Pc = 2 ζ cos α          Equation 6. 1                                                           
                                                                      r 
 
where ζ is the surface tension of the imbibing solution, α  is the contact angle at the 
air–liquid–solid interface and r is the pore radius. 
 
This chapter considers the changes in soil hydraulic properties: infiltration rates, K, 
and capillary rise, Pc, as affected by greywater irrigation on (i) soils from the case 
Wetting agent polar 
head, attract water 
Sand particle 
Free flow 
of water    145 
studies (Chapter 4) and (ii) soils  from the tank test (Chapter 5). To further 
demonstrate that the effects of greywater come from surfactants and not other 
components in the laundry detergent, the effect of pure anionic surfactants, LAS, 
on capillary rise was tested. In addition, the use of a surfactant-based wetting 
agent to alleviate soil water repellent is evaluated by simulation of quantitative on-
site use of a number of commercially available wetting agents in household garden 
practices. 
 
6.2  MATERIALS AND METHOD 
6.2.1  Soil samples 
Tank test 
The  infiltration rate, K, of the soil in the tank test was measured on site. This 
included soils irrigated with different sources of greywater - laundry and bathtub - 
as well as scheme water as a control. The tank test is explained in detail in 
Chapter 5.  
 
Case studies 
The infiltration rate, K, of soil from greywater and fresh water treatments, and of 
native soil from the three case studies (Houses A, C and D) was measured on site 
for the K determination. The details of the case studies are given in Chapter 4.  
 
Triplicate soil samples (n = 3) from each tank and each case study site were 
collected at the end of the both tank test and greywater use at the case study. Soils 
were collected from 0 to 15cm depth and were brought to the wastewater recycling 
laboratory, Murdoch University, for the capillary rise measurements. After   146 
collection, the soils were screened with a 2mm sieve to remove stones and large 
soil aggregates, were oven dried at 105
oC and stored at room temperature before 
use. 
 
6.2.2  Surfactants and wetting agents 
The pure anionic surfactant used was linear alkylbenzene sulphonic acid, 
C12H26O3S, known as LAS (Klen International) and based on a straight chain 
alkylate.  
 
Five commercial wetting agents designated as products A, B, C, D and E (2 
granular and 3  liquid-based products) were tested. Their characteristics and 
chemical ingredients are listed in Table 6.1.  
 
Table 6.1. Chemical and physical characteristics of surfactants (LAS) and 
wetting agents used in the study 
Chemical name  Trade 
name  
Specific 
gravity 
(g cm
-3) 
Viscosity 
(mN s m
-2) 
cmc 
(mg L
-1) 
Molecular 
weight 
(g/mole) 
Surface 
tension 
(mN m
—1) 
 
pH 
Surfactants:               
Linear Alkylbenzene 
Sulphonic Acid 
LAS  1.06  1000-1500  10-1000  348.48  NA  8.0 
 
  Chemical ingredients  
Wetting 
agents: 
Chemical entity  Proportion 
Product A   Ethylene glycol-propylene glycol block polymer  80% 
Granular  Seaweed (Durvillea potatorum)  20% 
     
Product B   Non-ionic surfactant  100% 
Liquid     
Product C   Clinoptilolite (Zeolite)  69% 
Granular  Propylene oxide-ethylene oxide block polymer   15% 
  Lignin  10% 
  Cellulose  6% 
     
Product D  Surfactant   10 to <30% 
Liquid       147 
Product E   Poloxypropylene Polyoxythelene Ether  <15% 
Liquid   Poloxypropylene Polyoxythelene Ether   < 25% 
 
In clayey soils, water infiltrates more slowly than in most coarse-textured soils. 
Poor tillage practices can also reduce infiltration rates. Therefore the application of 
wetting agent is necessary where slow infiltration is being caused by water 
repellency, not some other factor. A wetting agent will improve infiltration rates only 
in soils that have water-repellent properties, regardless of their texture, tilth, and 
aggregation (Sunderman, 1983).   
 
6.2.3  Double-Ring Infiltrometer Test 
The double ring infiltrometer test is commonly used to evaluate the infiltration rate 
in soils (Lai and Ren, 2007). A schematic diagram of the double ring infiltrometer is 
shown in Figure 6.3. Their set-up in the tank test and on site at the case study is 
shown in Figures 6.4a and 6.4b, respectively. Two 48.5cm high PVC rings were 
driven concentrically 10cm deep into the soil with minimum soil disturbance. The 
outer and inner ring diameters were 17 and 8.3cm, respectively. The outer ring was 
filled with water until the soil was saturated after which the inner cylinder was filled 
to a level equivalent to an initial 70-80mm head. The time taken for the water level 
in the inner cylinder to drop to 20mm was recorded using a timer. Thereafter, a 
measured volume of water that was equivalent to 20mm in depth in the ring was 
filled successively and the time taken to infiltrate this amount was recorded. When 
the amount of water entering into the soil did not change much with time for five 
consecutive measurements, it was presumed that the flow was steady and the 
average infiltration rate was calculated on the basis of these last five   148 
measurements. Water level in the outer ring was maintained at about the same 
level as the water level in the inner ring. 
 
 
 
 
 
 
 
 
 
 
Figure 6.3. Illustration of the double ring infiltrometer experimental set-up 
 
 
 
         (a)            (b) 
Figure 6.4. The  infiltration rate, K  measurement set up with the double ring 
infiltrometer during the testing of soil in: (a) tank test (b) case study. 
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Infiltration rates, K, testing for the pot test  
A pot test study was conducted to mimic the common irrigation practice with large 
pots in a house garden. The approach was to quantitatively simulate an irrigation 
regime in a garden (the pot), while studying the effect of common wetting agents 
on water movement and hydrophobicity in the irrigated sand.   
 
The soil used in the pot test study was collected from a garden area at Murdoch 
University, Perth, WA. About 1m
3 of soil was collected, sieved (in a 2.0mm mesh) 
and mixed. A representative sub-sample was dried at 105
oC, and characterized as 
shown in Table 6.2. The mixed, sieved sand (50L for each barrel) was placed in 18 
plastic barrels (height 650mm, bottom diameter 420mm, top diameter 470mm), as 
seen in Figure 6.5. Barrels were shaken to settle the sand.  
 
Table 6.2. Physical and textural characteristics of sandy soil from around 
Perth, WA, which was used in the pot test study 
 
Organic 
Carbon 
(%) 
CEC* 
(meq/100g) 
Water content 
(%) 
Sand Fraction (%)  Sand 
(%) 
Silt 
(%) 
Clay 
(%) 
      Fine 
(20-212μm) 
Coarse  
(212-2000 μm) 
     
0.4 + 0.02  4.6 + 0.02  0.4 + 0.02  49.21 + 0.21  47.37 + 0.13  96.6+ 0.3  0.6 + 0.02  2.2 + 0.05 
* Cation Exchange Capacity (CEC) is Na
+ + K
+ +Ca
2+ +Mg
2+ (meq/100g), top soil collected at 0-15 cm depth, 
sub soil collected at 15-25 cm depth, n=3 
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Figure 6.5. Arrangement of the pot test 
 
All 18 barrels were pre-wet with water; overall, 1,830mL of water was added in the 
inner ring, which was 130% of the void volume of the sand bed underneath this 
ring. The barrels were left for five days before the study was commenced. All five 
selected commercial wetting agents, designated as products A, B, C, D and E, 
were tested (Table 6.1). Each wetting agent was applied to 3 barrels and 3 barrels 
were used as a control with untreated tap water. The experiment was set in a 
randomized block design. The wetting agent solutions were prepared according to 
the manufacturer’s instructions for the product. The barrels were left to drain for 3 
more days and the infiltration rate was measured again using tap water in all 
treatments. The barrels were left to drain again for 7 days and the infiltration rate 
was re-measured.  
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6.2.4  Capillary rise experiments 
The procedure for the capillary rise experiment was suggested by Weil-Shafran et 
al. (2006). To perform each capillary rise test, soil column preparation is needed. 
Soil columns (poly-propylene) with an internal diameter of 38mm x length 295mm 
were prepared in triplicate for each capillary rise test. Each column was uniformly 
packed and a #200 mesh screen secured over the bottom of the column. An 
example of a soil column being filling with soil is shown in Figure 6.6.  
 
 
   
Figure 6.6. Soil column preparation for the capillary rise, Pc, experiment  
 
Soil columns from the tank test and case studies  
Soil samples from greywater irrigation and the  tank test were packed in the 
columns. Similar treatment was given to the heat-treated soils (burnt soil), which 
had been in a muffle furnace for 4 hours at 450
oC to remove the organic matter.  
 
Surfactant and wetting agent 
The columns were packed with the native soils (control) and heat-treated soils 
(burnt soils). Both of these were pre-coated with product D (one of the commercial   152 
wetting agents) and an anionic surfactant, linear alkyl benzene sulfonate (LAS). 
Coating the soil with wetting agent was done by mixing soil with the wetting agent 
solution that had been prepared according to the manufacturer’s instructions, at a 
volumetric ratio of 2 parts soil to 1 part wetting agent. The soil was then dried at 
105
oC overnight, and packed into the columns. Similarly soil was pre-coated with 
100 mg/L LAS surfactant solution.  
 
To perform each capillary rise test, the soil column was clamped vertically to a 
stand and placed on a laboratory balance (AND, model GF-2000) as illustrated in 
Figures 6.7 and 6.8.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7. Illustration of the capillary rise experimental set-up 
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Figure 6.8. Capillary rise experimental set-up in the laboratory 
 
The balance was tared to zero and an open reservoir containing fresh water was 
then raised beneath the column until the water surface touched the bottom of the 
column. Being a measure for water repellency, capillary rise was assessed as the 
weight of water rising in the column registered by the balance as a change in 
mass. The weight change due to the capillary rise of the tested solution in the 
columns was recorded with a PC data logging software once every five seconds.  
 
6.2.5  Statistical analysis 
Differences between measurements were analysed statistically using one-way 
analysis of variance (ANOVA) to determine significant differences, and were 
performed using Sigmastat 3.5 (SPSS Inc.). A result was considered 'significant' if 
the probability of the null hypothesis was equal to or less than 0.05 or (P ≤ 0.05).  
 
  Irrigation water 
  Soil column   
 Adjusted jiffy jack 
Balance  
Data logger   154 
6.3    RESULTS 
6.3.1  Effects of infiltration rate, K  
Laundry and bathtub greywater 
The infiltration rate, K, of soil as affected by laundry (LGW) and bathtub greywater 
(BGW) irrigation showed a reduction with BGW of 16.29 m/day followed by LGW of 
13.48 m/day, in comparison with TW, 19 m/day, as seen in Figure 6.9.  
Figure 6.9.  Infiltration rate,  K,  of LGW, BGW  and  TW  from  the tank test. 
Results are based on 3 replicates.    
 
In contrast, irrigation of greywater at three  case studies (House A, C and D) 
showed  a  relatively high infiltration rate, K,  compared to native soil and plots 
irrigated with fresh water. The highest K occurred at House C with a value of 67 
m/day, at a location near a sprinkler (Figure 6.10).     
 
 
K
 
(
m
/
d
a
y
)
0
5
10
15
20
25
TW BGW LGW
   155 
 
Figure 6.10.  Infiltration rate,  K,  with  different irrigation practices at  case 
studies. Results are based on 3 replicates.    
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Wetting agents 
The K of water and five wetting agents in the pot test study using the Murdoch 
sand was slightly faster when the wetting agents were introduced to the soil for the 
first time as compared to the water (Figure 6.11). Wetting agent C was the only 
one that demonstrated significantly better results than the rest, with a K value of 
25.6 m/day.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.11.  Infiltration rate,  K,  of five commercial wetting agent solutions 
and scheme water into partly water repellent soil. Results are based on 3 
replicates.    
  
Interestingly, as shown in Figure 6.12, when the infiltration rate was re-measured 3 
days later, using scheme water as the irrigation medium, two observations were:  
(a) the average infiltration rate of the control with no wetting agent was lower by 
14% and (b) the infiltration rate of all treatments were either similar or lower than 
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the control. These effects were repeated when the infiltration rate was re-measured 
after 10 days from the application of the wetting agents.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12. Relative change in infiltration rate, K, of scheme water over time 
after application of wetting agents (time 0). Results are based on 3 replicates.    
 
 
The initial infiltration rate in all treatments was also measured (Figure 6.13) as it 
may resemble the irrigation of a pot plant. Similarly to the saturated infiltration rate 
(except for the wetting agent A) the same phenomena were observed. Wetting 
agent A seemed to improve the initial wettability of the soil after 3 days but its 
effectiveness was significantly reduced a week later. Moreover, recording the initial 
infiltration rate is problematic as the soil moisture, which affects soil infiltration, was 
not measured and is likely to vary between individual barrels.  
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Figure 6.13.  Relative change in the initial, K, of scheme water over time after 
application of wetting agents (time 0). Results are based on 3 replicates.    
 
A summary of the comparative studies of the initial and saturated infiltration rate of 
water and five wetting agents is shown in Table 6.3. 
 
Table 6.3. A summary of an average initial and changes of infiltration rate, K 
(± S.E.) of five wetting agent solutions and scheme water and the percent 
change in infiltration over time. Letters a, b, c, indicate statistical differences 
(p < 0.05) between treatments on a certain day.    
Product  K (m/day)  Change in K of water 
from its onset rate (%) 
Initial K 
(m/day) 
Change in initial K of 
water from its onset 
rate (%) 
    Days after application    Days after application 
  Onset  3  10  Onset  3  10 
Scheme 
water 
(control) 
17.9 (1.4)a  -14 (10)a  -28 (10)a  31.4 (1.8)a  -16 (12)a  -30 (14)a 
A  17.3 (0.5)a  -4 (6)a  -16 (4)a  29.4 (2.8)a  +47 (10)b  +2 (9)b 
B  18.6 (4.4)a  -84 (9)b  -88 (10)b  25.1 (5.6)a  -90 (6)c  -94 (2)c 
C  25.6 (1.2)b  -30 (9)a  -34 (9)a  48 (4.8)b  -18 (3)a  -35 (15)a 
D  19.8 (1.6)a  -22 (20)a  -32 (10)a  46.5 (4.8)b  -12 (30)a  -39 (10)a 
E  24.6 (2.0)b  -19 (6)a  -32 (8)a  41.9 (7.5)a  -7 (16)a  -21 (10)a   159 
6.3.2   Effect of capillary rise water flow 
Laundry and bathtub greywater 
Figure 6.14 presents the curves of capillary rise of soil with TW, LGW and BGW in 
(a) oven dried (with organic fraction) and (b) burnt soil (without organic fraction). 
The capillary rise of the burnt soil was significantly higher than in the native soil, 
demonstrating the contribution of organic matter content to soil hydrophobicity. 
There were no significant changes in capillary rise of all water tested. However, in 
the soil with an organic fraction, a significant reduction in capillary rise was found in 
LGW: 13.3g compared to BGW and TW with 20g and 37g, respectively.  
            (a)               (b) 
Figure 6.14. Capillary rise of tank test soils in TW, LGW and BGW irrigation 
(a) soil after oven dried (b) burnt soil.   
 
 
At  the  case studies, the observation was different. Supposedly, there were no 
differences of the capillary rise of the burnt soil tested because of the absence of 
the organic matter. However, in burnt soil, the capillary rise observed in the native 
soil sample at House A was 20% less than in greywater irrigated soils. In unburned 
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soils, the capillary rise of greywater-irrigated soil in Houses  A, C  and D was 
significantly less than in both the fresh water plot and the native soil.    
 
 
 
 
 
 
 
 
 
 
             
(a) Capillary rise of House A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Capillary rise of House C 
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(c) Capillary rise of House D 
 
Figure 6.15.  Capillary rise of tank test soils in Houses A, C and D in soil 
irrigated with freshwater, greywater and native soil after (a) oven dried (b) 
burnt.   
 
Surfactants and wetting agent 
The capillary rise in the burnt sand was significantly higher than in the native sand, 
as shown in Figure 6.16. When wetting agents or surfactants were pre-coated on 
Murdoch sand, the capillary rise was significantly reduced from 25 to 20g.   
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Figure 6.16. Effect of anionic surfactant (Linear Alkyl Benzene Sulfonate) and 
commercial wetting agent pre-coated soil on capillary rise as compared to 
the capillary rise in native soil with and without the organic fraction.    
 
The capillary rise of the wetting agent in burnt soil was significantly higher than in 
the native soil, further demonstrating the contribution of organic matter to the soil 
hydrophobicity (Figure  6.17). Initially, there was virtually no difference in the 
capillary rise between water  and the wetting agent solutions for the native soil 
(Figure 6.17a) and slight reduction in capillary rise in all wetting agent solutions 
when compared with water in the burnt sand (Figure 6.17c).   
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Figure 6.17. Effects of commercial wetting agent on capillary rise in sandy 
soil. a) Capillary rise of wetting agent solutions in dry (105 
oC) native soil 
packed in columns, b) Capillary rise of water in the soil (from a) after it was 
re-dried in the columns, c) Capillary rise of wetting agent solutions in soil 
that was packed in columns, d) Capillary rise of water in the sand (from c) 
after it was re-dried in the columns.   
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6.4   DISCUSSION 
The measurement of soil infiltration in this study revealed that there was a 
reduction in saturated infiltration rate, K, and capillary rise, Pc, with the use of LGW 
and BGW in comparison with scheme water (TW) in the tank experiments (Figure 
6.14). Similarly, Amoozegar et al. (2004) reported that the application of greywater 
from laundry and dishwashing machines from a single-family home can result in a 
substantial reduction in K within a few days after greywater is applied. Sandy soils 
with additional sodium resulted in K values initially increasing then declining. In 
clay soils, Misra and Sivongxay (2009) have shown reduction in K of soil cores 
which had been previously saturated with LGW. They suggest that the use of LGW 
over a long period could cause sodium to accumulate until theoretically the CEC 
limit of soil is reached. 
 
This phenomenon is  probably  an  effect of the  dissolved ions, especially Na, 
present in greywater, that increases SAR over TW as described in Chapter 5 
(Table 5.4). Patterson (1996) demonstrated in his study that increased SAR, such 
as occurs in water for domestic consumption, causes a decrease in K of the soil 
into which the effluent is disposed. Another concern is the use of a wetting agent 
containing  surfactant, the effect of which  can be  observed  on  the  K  after an 
application. A major concern in the use of surfactants in greywater is that it can 
result in a significant change in the infiltration rate of porous media or sandy type of 
soil.  
 
The effect of pure anionic surfactants on capillary rise (Pc) was tested in 
concentrations similar to those used in the laundry solution studies. The results   165 
shown in Figure 6.16 confirm that the observed changes in Pc were actually due to 
the surfactants present in the laundry solution (Shafran et al., 2005). Laundry 
detergents contain surfactants, which account for the highest concentration of 
organic chemicals in average domestic wastewater. Reduction of water surface 
tension due to elevated surfactant concentrations is expected to reduce the 
capillary force (assuming a smaller effect on contact angle), and consequently the 
migration of an imbibed solution within soil pores is likely to change (Shafran et al., 
2005). 
 
The significant interruption to the flow path of water in soil is possibly due to an 
anionic surfactant found in laundry detergent; which is absorbed in the sand and 
enhances soil hydrophobicity. In their experiments Abu-Zreig  et al.  (2003) 
observed two agricultural soils, a loam and a sandy loam, in which the application 
of an anionic surfactant at a concentration in the range of 3,000mg/L
 resulted in a 
decrease in the infiltration rate of both soils. Similarly, Weil-Shafran et al. (2006) 
demonstrated that the capillary rise in organic-matter-free sand pre-coated with an 
anionic surfactant from laundry detergent at a rate of 10mg/kg was reduced by 
more than 50%; the sand was completely hydrophobic when it was pre-coated with 
20mg/kg of anionic surfactants. 
 
The level of repellency depends on the proportion of soil particles with a 
hydrophobic surface coating (Doerr et al., 2006). This is influenced by the surface 
area of the soil, which varies considerably with soil texture. Sandy soils have the 
lowest surface area, so a hydrophobic surface will impact on a larger proportion of   166 
particles than would a clayey soil, where the surface area is up to three orders of 
magnitude greater (Woche et al., 2005).  
 
The principle of wetting agents is to reduce the surface tension and make soil 
“wetter". The most likely effect of this would be to increase the downward 
movement of water out of the root zone (providing there was subsurface drainage) 
while decreasing the upward capillary movement of the water in the soil (Karnok et 
al., 2004).  This study found a greater Pc  than expected, bearing in mind the 
experiment by Weil-Shafran  et al., (2006), in which introducing an anionic 
surfactant-rich solution to sand at a concentration of up to 1,000mg/L brought 
about only slight changes in Pc.  
 
In the case studies, there was considerable variability in infiltration rates during the 
on-site  K  measurement. The field site showed the K  of soil in the greywater 
irrigated plot increased, as seen in Figure 6.15. Magesan et al. (1999) stated that 
the  effect of greywater application on the environment varies with soil type, 
greywater characteristics, and the vegetation of the irrigated soil. Even without full 
understanding, it is possible that the on-site measurement of K will help the home 
gardener to be more efficient in applying soil amendments in order to improve soil 
infiltration rates.  
 
For instance, the review by Li et al. (2010) presented some studies dealing with the 
effects on soil hydraulic properties during irrigation with wastewater using gypsum 
and polyacrylamide (PAM). The mulching of gardens by householders at the case 
studies was another possible strategy uniquely suited to a dryland environment. In   167 
gardening, mulch is a protective cover spread over the soil to retain moisture as 
well as provide nutrients to the plants. When applied to gardens during a drought, 
mulch can increase water infiltration (Lightfoot and Eddy, 1994; Verma and 
Kohnke, 1951). Significant nutrient removal by  turf vegetation occurs within the 
microbially active layer, the top 200mm of soil containing much of the root network 
(Barton and Colmer, 2001). The application of a periodic organic top dressing to 
the greywater irrigation zone is a possible way to help maintain the soil infiltration 
rate in a household garden.   
 
6.4    CONCLUSION  
The results of experiments on the infiltration rate, K, indicate that, compared with 
scheme water, untreated LGW and BGW reduce the soil infiltration rate after a 
period of irrigation. At the four case studies, the greywater irrigated soils showed 
significantly increased K. The experiment on wetting agents and surfactants 
indicates that the improved wetabillity is short-lived and for most cases the K into 
the sand decreases within a few days from application. This study postulates that 
surfactant molecules in the wetting agents were adsorbed on the sand particles in 
a similar way to the organic hydrophobic material that coats them.  
 
The results of experiments on capillary rise, Pc, indicate a significant reduction of it 
after LGW and BGW application compared to TW. At the four case studies, the 
samples from the soils irrigated by fresh water and greywater and the native soil  
varied in what they indicated. When wetting agents or surfactants were pre-coated 
on Murdoch sand, the capillary rise was significantly reduced. These findings 
question the efficiency of surfactant-based wetting agents to treat water-repellent   168 
sandy soils. They  suggest  that many products do not enhance long-term 
wetabillity; some seem to enhance soil hydrophobicity. Further investigation is 
needed of the interaction and adsorption between soil particles and the non-ionic 
surfactants also listed in the wetting agent formulation.  
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CHAPTER 7 
GENERAL DISCUSSION 
 
It is important that the reuse of greywater for landscape or garden irrigation must 
be regulated through site-dependent factors. The DoH (2010) produced a code of 
practice for the safe use of greywater in WA. At the same time, there is serious 
concern over the impact of greywater diverted directly to land by using bucketing or 
diversion to plants and the  environment.  These problems can occur when 
household occupants mishandle the application of greywater in an environmentally 
irresponsible manner to cause further deterioration over a long period of time.  
 
This research was initiated because of concern about the potential negative effects 
of greywater on the environment, which has not yet been adequately 
characterized. A monitoring tool, zero-tension lysimeter, was developed which 
enabled greywater sampling to measure constituents as they moved through the 
soil. This was described in Chapter 3. The use of lysimeters throughout a one-year 
monitoring period to identify the impact of greywater reuse in a domestic scenario, 
through case studies, was described in Chapter 4. However, the assessment of 
greywater  irrigation carried out from the case studies are highly variable, owing to 
many indirect factors such as differences in vegetation, soil texture, land use, 
fertilizer practices, drainage and irrigation. In Chapter 5, the tank test was 
developed under controlled conditions to verify the uncertainty that occurred in the 
case studies. The analysis and result of the soil hydraulic conductivity  was 
discussed in this chapter.  It was further investigated in Chapter 6. The general   170 
discussion in this chapter is derived from all the research findings and hence 
presents the limitations of the research, the experience gathered and the possible 
causes of the effects of using greywater for irrigating the garden.  
 
7.1    Zero-tension lysimeter - Design limitations  
The disadvantages of the  conventional design of ZTL are  due  to the device 
requiring lateral installation, involving site and soil disturbance during installation 
and the cost of excavating  a large pit. Advantages  of the improved design are 
described in detail in Chapter 3; they include easy installation, enabling its use in 
any  household  garden. Because the gardens have have some limitation on 
physical access the improved lysimeter can make more reliable assessment of the 
spatial variability of colloid-facilitated transport of contaminants.  The specific 
benefits of the proposed design are related to the simplicity of installation, more 
reliable results and the concomitant reduction in the cost of monitoring. 
 
 
Nevertheless, the infiltration component from the greywater sources is difficult to 
measure under field conditions.  The lysimeters are  located in the natural 
environment and installed in situ to ensure that field-like conditions are captured. 
They are however influenced by the fertilizers and mulch used precipitation and 
types of vegetation. The correct sampling interval is important because of chemical 
changes which may occur due to storage over a period of time. Among the 
conditions that ought to be focused on  are the possible changes in biological 
activity or chemical reactions which can alter the chemical  properties of the 
leachate, which is then no longer representative of the material from which it was 
sampled.   171 
There was considerable variability in the composition of samples collected from 
ZTLs installed in replicate plots. In fact, in some instances, no leachate was found 
in the ZTL of one replicate but it was found in other ZTLs of the same irrigation 
plot. This observation may be due to the site spatial variability and solute transport 
and supports the use of ZTLs that can be installed quickly and cheaply in large 
numbers on site. Water collected in the ZTL described here is expected to have 
moved primarily vertically through the overlying column. Thus the approach may 
not be appropriate for sites where significant lateral flux is expected as a result of 
surface topography, landscape position, or vertical anisotropy of permeability. 
 
Leaching from soils into lysimeters is also subject to considerable errors if edge-
flow occurs (Cameron  et al., 1990). Although lysimeters retain the natural pore 
system of the soil, there remain uncertainties about the possible influence of edge-
flow on the results. Preferential flow along the walls of the lysimeter acts as an 
artificial channelling of water because air space forms between the test material 
and the inside wall of the lysimeter. These air spaces serve as an artificial flow 
path that permit the rapid flow of water and thereby the transport of solutes. 
Preferential flow may cause the hydraulic conductivity and the leaching rates to be 
overestimated, and in that case the lysimeter conditions are not representative of 
the field conditions.  
 
7.2    Laundry and bathroom greywater effluent quality 
The quality of greywater concentration is highly variable because it is source- 
dependent  and influenced by factors such as household water use, product 
selection and the greywater system installed. Regular cleaning products and   172 
untreated  LGW are expected to contain higher loads of environmental hazards 
(such as Na, Cl and B). However, the quality of raw greywater found in the tank 
test study (Chapter 5) is generally low indicating that the quality of LGW improves 
significantly from wash water to first rinse water to second rinse water. 
 
The LGW samples from the tank test exhibited higher values of Na and Cl and P 
whereas water from the shower  or bathtub (BGW)  had  high turbidity and 
suspended solids. The high concentration of Na, Cl and P could be associated with 
their function as ion-exchangers during the washing process. The elevated P levels 
observed in these LGW  samples might be due to the combined  effects  of 
household occupants selecting detergents with high P content and the use of low 
water consumption washing machines such as front loading machines. High 
concentrations of suspended solids can cause blockages and increase organic 
matter growth in irrigation pipes and storage tanks. Indeed, the level of BOD and 
COD concentration is higher than the prescribed allowable limit. Therefore, careful 
product selection can reduce the hazards of using greywater for irrigation and thus 
environmental risk in general. 
 
7.3    Effects upon soil and plants 
Salt and B are the main elements responsible for problems with soil deterioration 
and plant toxicity. Detergents that contain a high concentration of Na can have an 
adverse impact on the soil, which in turn can lead to a decline in soil structure, 
impeded drainage and negative impacts on plant health. B is used as perborate or 
a bleaching agent and was found to be slightly higher in the tank test than the 
recommended limit. However, couch turf grass has generally low B tolerance. This   173 
indicates that LGW may not cause severe B toxicity related problems if it is used 
for garden irrigation.   
 
The index used is the Sodium Adsorption Ratio (SAR) that expresses the relative 
activity of sodium ions in the exchange reactions with the soil. This is an indicator 
that measures the relative concentration of Na to Ca and Mg. The results from this 
study indicate that SAR of LGW rises up to 15. Munshower (1994) stated that SAR 
of 12-15 can affect the permeability of soil and causes infiltration problems. 
Excessive Na in irrigation water is due to a lack of sufficient calcium to counter the 
dispersing effects of the sodium. Excessive Na may also make it extremely difficult 
to supply enough water to meet the crop water demand. 
 
Reduction in infiltration rates as well as decreasing leachate volumes in the tank 
test suggested that the sandy soils run with LGW and BGW resulted in Ks declining 
over time. The high salt content in LGW wash cycle sources after a sequence of 
irrigation scheduling make the soil more hydrophobic:  the  soil structure is 
destroyed by the high Na content, causing low infiltration rates. In the infiltration 
rate of saturated soil, K  is  one of the important indicators for both agricultural 
production and environmental protection. K can be used to measure  the infiltration 
of water into soil, especially over a long periods (Dexter et al., 2004). Low values of 
K are associated with ponding of water on the soil surface, anaerobic (reducing) 
soil conditions, run-off, flooding and erosion.  
 
Another characteristic that enhanced the soil hydrophobicity is the influence of the 
surfactant flow path in the soil. Most detergents have a negative ionic group and   174 
are called anionic surfactants. Accumulation of surfactants in greywater-irrigated 
soils was observed in previous studies (Wiel-Shafran et al., 2005; Abu-Zreig et al., 
2003). The introduction of wetting agents to the soils to alleviate water repellence - 
a common phenomenon in arid and semi-arid areas - also caused a significant 
decrease in the capillary rise over the range of concentrations that is tested in 
Chapter 6. The effect was more noticeable at  the  laboratory scale than in the 
actual field. Soil amendment efforts made by applying mulch seem to improve 
water retention in the soil.  
 
The initial turf death was assumed to indicate that all nutrients from the original 
fertilizers had been leached. The nutrient mass balance showed increased masses 
of Ca, Mg, Zn and Al leaving the control volume in comparison to the masses 
entering through greywater irrigation. This is possibly due to the remaining excess 
of these elements from the original turf farm fertilizer. However, salt such as Na, Cl 
and nutrients, P and K increased in the soil over the time, especially after LGW 
irrigation. An explanation for the remaining excess may be that these elements are 
accumulated in soil after several irrigation regimes. Furthermore, that no rainfall 
was introduced into the tanks is another possible reason for insufficient leaching.  
 
This observation, along with evidence that turf death occurred in week16 and the 
fact that the grass was not fertilized since it was laid suggested that there was in 
fact a nutrient deficiency and consequently the greywater, although beneficial, did 
not provide sufficient nutrients to the turf. This may be partially attributed to the 
inability of the sandy soils to store the nutrients for lengthy periods of time, possibly 
inhibiting the plants from consuming optimal amounts of nutrients. It is clear from   175 
the mass balance data that salts - Na, Cl and macronutrients P and K - are being 
stored within the control volume. This is interpreted as consumption by the grass 
as the sandy soils allow quick drainage and have little capacity to hold the 
nutrients. The excess of Na and Cl prevented the uptake of other micronutrients 
from being determined. The excess of TP and little visible turf growth (a symptom 
of N deficiency in plants and turf (Bennett 1993; Turner 1993) suggests that the turf 
growth is N limited. The results from the mass balance show that Na, Cl, P, K are 
still in excess within the control volume, suggesting that the growth of the turf is 
limited by macronutrients. 
 
Site monitoring at case studies found that there was little significant change in the 
concentration of nutrients and other cations in greywater samples. Some houses 
(House A, C and D) that engage in environmentally friendly practices in washing 
detergents generally contain a more neutral pH, less Na and less P than houses 
that use normal household products. The use of greywater from residents using 
normal household products (e.g. House B), and the discharge of P and Na to the 
irrigated area, were found to be greater and to be the cause of the nutrient 
imbalance within the soils. The use of greywater with some treatment, for instance, 
the sedimentation tank (House C) and sedimentation plus ozone generation may 
improve the quality of greywater and hence its suitability for irrigating the crops. 
However, the effect on soil and plants in the case studies is unlikely to be observed 
as the household occupants improved the soil using fertilizers and mulching to 
sustain the plant growth. 
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CHAPTER 8 
CONCLUSION AND RECOMMENDATIONS FOR FURTHER RESEARCH 
 
The series of experimental and monitoring works in this research were investigated 
and the following conclusions were made:  
 
Zero-tension lysimeter for use in greywater irrigation monitoring 
•  The pilot scale study of lysimeters indicated that the newly designed ZTL 
(N1) can be used as an effective sampler to collect leachate at greywater 
irrigation sites.  
 
Greywater reuse for irrigation at four household sites 
•  Physical and chemical parameters determined in each case study indicated 
that greywater quality has high variability, due to such factors as greywater 
source, type of products used and house occupants.  
•  The greywater quality results are consistent with the wide range of values 
reported in the literature, except for pH, BOD, COD, Cl and TSS. 
•  The analysis of leachate from ZTL (1) and monitoring of soil and plant health 
after being irrigated with greywater at the four case studies were difficult to 
comprehend.  The households’ practices in gardening, mulch topping, 
adding of fertilizer and indirect sources from land activities contributed to the 
leachate concentration.     177 
•  At the end of the greywater irrigation season, changes were observed at the 
four case studies in soil parameters such as NO3
-, P, Na and B and this is of 
concern to the environment, a concern also reported in the literature. 
•  With regard to plant quality, no significant changes in the levels of tested 
parameters were observed.  
 
Turf grass growth in sands irrigated with greywater 
•  The  impacts of the salinity and elements from greywater for turf grass 
growth  showed that the high salinity  and SAR in LGW reduced the soil-
water availability to the plant. These findings clearly indicated the need for 
careful selection of detergents and prevention of harmful chemicals from 
entering the greywater flow.   
•  The  specific ion toxicity of B, Na  or  Cl  may affect the yield of sensitive 
plants.  
•  The data confirmed an increased amount of stored Na, Cl, P, K and slightly 
increased Zn in the soil at the end of the study.  
•  Element uptake of turf grass was increased in Na, Cl, B and K.  
•  Microelement deficiency in turf grass uptake was observed in Ca and Mg.   
•  Irrigation of turf grass with LGW and BGW revealed  that turf grass 
established well in  the first two  months  of LGW and BGW, but did not 
survive after 16 weeks of study.  
•  A significant reduction in soil infiltration rate was observed by irrigation with 
LGW, followed by BGW after sequence irrigation indicating the potential of 
salt accumulation in soil.    178 
Greywater and the use of wetting agents and their effects on soil hydraulic 
properties 
•  Reduction of K occurred in soil irrigated with LGW, followed by BGW. 
•  These findings question the efficiency of surfactant-based wetting agents to 
treat water-repellent sandy soils. Judging by current findings, not only do 
many products reduce  long-term wetabillity, some seem to enhance soil 
hydrophobicity.  
 
Recommendations for further research  
•  The modification of washing machine components to enable the use of 
greywater from the rinse cycle only, to minimize the impact on soil and 
plants. The wash cycle program that allows this effluent to be directed either 
for reuse or to sewer could be further investigated.  
•  In Chapter 5, simulation of tank test with rainwater to observe the behaviour 
of salts during the rainfall season is highly recommended. It is predicted that 
the rain water will flush the salts that are being accumulated during the 
summer season.  
•  Adding nutrients  via fertilization and  alternating  with freshwater are 
recommended when turf is irrigated with LGW and BGW.  
•  The interaction and adsorption between non-ionic surfactants and soil 
particles needs a further research.   
•  Monitoring and remediation of on-site greywater irrigation systems is time- 
consuming and inefficient in well-established gardens.  Therefore, the 
development of a model that provides clear interpretation of the mobility of   179 
the significant constituents in greywater of Na, P, boron and surfactants and 
their reaction in household gardens is needed.   
•  The interaction between gardening practices and microbial processes needs 
investigation, particularly on methods to improve the beneficial functions of 
microbes in specific soil types and environment.  
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Appendix 3. 1 
 
 
3.1   Steps in Calculating an Average Water Balance (Thompson, 1999): 
 
The climatic data for the area around the site used for the study was obtained. The data of interest were the 
precipitation and temperature. Data for 12 months of precipitation and maximum and minimum for each day during the 12 
months were obtained from the weather station.   
The following are the actually steps taken to estimate the water balance of the area in question;  
1.  The Potential evapotranspiration ( ) was referred to the Bureau’s evapotranspiration values using the 
Penman-Monteith equation as recommended by the United Nations Food and Agriculture Organisation in 
their Irrigation and Drainage paper 56 (FAO56). The FAO56 method is also the approved standard for the 
U.N. World Meteorological Organization of which the Bureau’s member agency. 
2.  Precipitation ( ) for a duration of April-September 2008 was obtained with the use of a bureau 
meteorological data from the nearest weather station,  
3.  I is for irrigation flow to the plot.  
4.  PI is a total input P + I 
5.  Values for   were calculated and it has been explained by Thompson (2002) that the values can 
positive or negative. Positive values indicate water is available for recharging soil moisture and/or for runoff. 
Negative values indicate the amount by which precipitation fails to supply the   requirement. Most 
midlatitude locations have only one wet season   > 0 and one dry season   < 0.  
6.  The Accumulated Potential Water Loss (Acc. Pot. WL) , this value is the accumulated sum of negative 
 values and it is only necessary for dry climates.  
7.  The Soil Moisture Storage (SM) is less than or equal to AWC. For months in which there is an Acc. Pot WL, it 
was necessary to determine the amount of moisture remaining in the soil given that level of Acc. Pol WL. Soil 
moisture retention was determined with the use of Table 3A.2. This table is available in Appendix 3A.2. When  
 is positive and soil moisture storage is less than AWC, this positive value is added to the 
previous month’s SM to determine current SM. Positive   values when the soil is at AWC 
represent excess rainfall available for runoff. 
8.  Change in soil moisture ( ). This is either positive or negative but is only recorded when the SM is less 
than the AWC.  
9.  Actual evapotranspiration ( t E ). The rules for calculating  t E are : 
tp t E E = when  tp E P >    192 
    SM P Et ∆ + =  when  tp E P <    
10.  Moisture deficit (D). This is an estimate of the amount of water that would have to be supplied by irrigation 
during the month to have  t E equal  tp E . 
11.  Moisture surplus (S). When the soil is at field capacity, precipitation in excess of  tp E is considered surplus 
and is available for runoff (RO). The model does not differentiate surface runoff from groundwater runoff.  
12.  Total available for runoff (TARO). TARO is equal to the present month’s surplus plus any water detained DT 
in the basin from the previous month. DT is equal to one half of the TARO from the previous month. For 
month i: 
[ ] ) ( 5 . 0 ) ( 1 1 − − + = + = i i i i i TARO S DT S TARO  
13.  Runoff (RO). Runoff RO is rainfall-generated runoff. A simplifying assumption is that only one-half of the total 
water available for runoff (TARO) is a given month actually runs off in that month. The other half is detained 
(DT) in the basin and is added to the next month’s surplus, and is available to run off the next month. The 
‘one half’ rule can be changed to reflect the conditions in a particular basin. Changing the percentage of 
runoff changes TARO in Step 10. 
14.  Total runoff (TOT RO). This term is equal to rainfall runoff.  TOT RO=RO 
15.  Moisture detention (DT). This is the moisture detained in the basin during the current month and available for 
runoff next month (see Step 11): 
DT= (TARO-RO) 
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Table 3A. 1. AWC = 100 mm, moisture remaining in the soil (mm) after a given 
amount of Acc. Pot WL. (Thompson, 1999) 
 
  0  1  2  3  4  5  6  7  8  9 
0  100  99  98  97  96  95  94  93  92  91 
10  90  90  89  88  87  86  85  84  84  83 
20  82  81  80  79  79  78  77  76  76  75 
30  74  73  73  72  71  70  70  69  68  68 
40  67  66  66  65  64  64  63  62  62  61 
50  61  60  59  59  58  58  57  57  56  55 
60  55  54  54  53  53  52  52  51  51  50 
70  50  49  49  48  48  47  47  46  46  45 
80  45  44  44  44  43  43  42  42  41  41 
90  41  40  40  39  39  39  38  38  38  37 
100  37  36  36  36  35  35  35  34  34  34 
33  33  33  33  32  32  32  31  31  31  30 
120  30  30  30  29  29  29  28  28  28  28 
130  27  27  27  26  26  26  26  25  25  25 
140  25  24  24  24  24  23  23  23  23  23 
150  22  22  22  22  21  21  21  21  21  20 
160  20  20  20  20  19  19  19  19  19  18 
170  18  18  18  18  18  17  17  17  17  17 
180  17  16  16  16  16  16  16  15  15  15 
15  15  15  15  15  14  14  14  14  14  14 
200  14  13  13  13  13  13  13  13  12  12 
210  12  12  12  12  12  12  12  11  11  11 
220  11  11  11  11  11  11  10  10  10  10 
230  10  10  10  10  10  10  9  9  9  9 
240  9  9  9  9  9  9  9  8  8  8 
250  8  8  8  8  8  8  8  8  8  7 
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Appendix 3. 2 
 
Volumes of leachate collected by pan lysimeter (ZTLP) and newly designed lysimeter (ZTLN) 
1 litre = 1000000 cu. Mm  litre= 1 ml= 1000cu.mm          
Area of opening measuring cylinder = 6361.725124 sq. mm         
Example: 1000 ml= 1000000 cu.mm           
Therefore the equivalent depth for volume of 1000 ml of leachate = 1000000/6361.725124 =157.1900672 mm 
Considering a reduction factor of 10/69, therefore the actual equivalent depth= 157.1900672 x 10/69 = 22.7811 mm 
 
  Block A  Block A 
Date  ZTLP (1)  ZTLP (2)  ZTL (N1)  ZTL (N2)  ZTLP (1)  ZTLP (2)  ZTL (N1)  ZTL (N2) 
17.4.08  7.97  26.88  -  0.00  33.42  29.62  8.88  - 
24.4.08  20.50  27.34  -  15.95  31.89  25.06  13.67  - 
1.5.08  22.78  22.78  -  4.56  38.73  35.31  9.11  - 
8.5.08  23.69  33.03  -  0.46  37.98  28.48  9.11  - 
14.5.08  22.78  28.48  -  0.00  37.59  22.78  22.78  - 
23.5.08  15.95  27.34  -  11.39  42.53  22.78  22.78  - 
30.5.08  12.53  26.20  -  2.28  24.31  4.56  35.31  - 
6.6.08  22.78  25.06  -  4.56  28.86  2.28  36.45  - 
10.6.08  25.06  31.89  -  2.28  37.98  2.28  22.78  - 
18.6.08  25.06  31.89  36.45  12.53  37.98  36.45  36.45  13.67 
27.6.08  25.06  38.73  36.45  11.39  44.04  36.45  36.45  5.70 
4.7.08  25.06  38.73  31.89  2.28  41.01  31.89  31.89  9.11 
14.7.08  22.78  27.34  36.45  2.28  43.97  36.45  36.45  8.66 
4.8.08  27.34  30.75  34.17  13.67  38.73  34.17  34.17  6.83   195 
14.8.08  22.78  31.89  33.72  5.24  45.56  33.72  33.72  4.10 
25.8.08  25.06  36.45  36.45  4.78  36.45  35.31  36.45  6.38 
4.9.08  22.78  34.17  34.17  6.83  27.34  36.45  35.31  6.83 
14.9.08*  27.34  29.62  36.45  6.83  29.62  36.45  35.31  5.70 
                 
Mean  24.81  33.29  35.13  7.32  38.30  35.26  35.13  7.44 
StDev  1.78  4.02  1.70  4.27  6.37  1.66  1.60  2.79 
                 
Variance  3.17  16.15  2.88  18.26  40.55  2.75  2.55  7.77 
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Appendix 3. 3 
 
Calculation of lysimeter water balance according to (Thompson, 1999): 
 
APRIL                                   
WEEK 1  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1      69 
P  26.6  0  0  0  0  36.2  0  2.8  0  2.6  0.4  6.4  6.4  6.4      0.045 
PI  29.7  3.1  3.1  3.1  3.1  39.3  3.1  5.9  3.1  5.7  3.5  9.5  9.5  9.5      3.105 
E  8.2  5.8  5.6  6.4  7  8.4  7.4  7.4  7.2  7.8  5.6  8.1  12.2  5.4       
PI - E  21.5  -2.7  -2.5  -3.3  -3.9  30.9  -4.3  -1.5  -4.1  -2.1  -2.1  1.4  -2.7  4.1       
A Po WL    -2.7  -5.2  -8.5  -12.4    -4.3  -5.8  -9.9  -12  -14.5  -18.2  -27.1  -27.8       
SM  100  98  96  93  90  100  96  95  91  89  87  84  76  76       
^ SM  0  -2  -2  -3  -3  10  -4  -1  -4  -2  -2  -3  -8  0       
Et  4  5.1  5.1  6.1  6.1  8.4  7.1  6.9  7.1  7.7  5.5  12.5  17.5  9.5       
D  4.2  0.7  0.5  0.3  0.9  0  0.3  0.5  0.1  0.1  0.1  -4.4  -5.3  -4.1       
S  21.5  0  0  0  0  30.9  0  0  0  0  0  1.4  0  4.1  58.6     
                                   
                                   
WEEK 2  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1   
P  0  0  22.4  2.8  0.6  0  1.2  2.6  4.8  0  0  0  0.4  3  0.2  3.4   
PI  3.1  3.1  25.5  5.9  3.7  3.1  4.3  5.7  7.9  3.1  3.1  3.1  3.5  6.1  3.3  6.5   
E  4.8  6  4.6  5.8  2.4  4.6  4  5  4.2  4.4  2.8  3.1  3.2  5  6.2  4.2   
PI - E  -1.7  -2.9  20.9  -2  1.3  -1.5  0.3  0.7  3.7  -1.3  0.3  0  0.3  1.1  -2.9  2.3   
A Po WL  -1.7  -4.6  16.3  14.3  15.6  14.1  14.4  15.1  18.8  17.5  0  0  0  1.1  -1.8  0.5   
SM  99  98  100  100  94  93  93  92  91  90  100  100  100  98  95  94   
^ SM  1  -1  2  0  -6  -1  0  -1  -1  -1  10  0  0  -2  -3  -1   
Et  2.1  4.1  4.6  5.8  2.4  4.1  4.3  6.7  8.9  4.1  2.8  3.1  3.2  5  6.3  7.5     197 
D  0  1.9  0  0  0  0.5  -0.3  -1.7  -4.7  0.3  0  0  0  0  -0.1  -3.3   
S  0  0  20.9  0  1.3  0  0  0  3.7  -1.3  0.3  0  0.3  1.1  0  2.3  28.6 
                                   
                                   
MAY                                   
WEEK 3  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1       
P  0  0  0  0  0  0  0  0  0.4  0.4  0.4  6.4  6.4  6.4       
PI  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.5  3.5  3.5  9.5  9.5  9.5       
E  4.6  6.2  4.2  4.4  4  5.8  3.4  4.2  4.8  3.6  2.2  5.4  4.8  4.4       
PI - E  -1.5  -3.1  -1.1  -1.3  -0.9  -2.7  -0.3  -1.1  -1.3  -0.1  1.3  4.1  4.7  5.1       
A Po WL  -1.5  -4.6  0  0  0  0  -0.3  -1.4  -2.7  -2.8  0  0  4.7  9.8       
SM  99  96  100  100  100  100  99  98  97  97  100  100  99  98       
^ SM  -1  -3  4  0  0  0  -1  -1  -1  0  3  0  -1  -1       
Et  4.1  6.1  4.2  4.4  4  5.8  4.1  4.1  4.5  3.5  2.2  5.4  10.5  10.5       
D  0.5  0.1  0  0  0  0  -0.7  0.1  0.3  0.1  0  0  -5.7  -6.1       
RO  0  0  0  0  0  0  0  0  0  0  1.3  4.1  4.7  5.1  15.2     
                                   
                                   
WEEK 4  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1 
P  15.6  15.6  4.8  0  0  0  0  0  16  4.6  0.4  0.4  14.8  14.8  0.4  11.2  0.2 
PI  18.7  18.7  7.9  3.1  3.1  3.1  3.1  3.1  19.1  7.7  3.5  3.5  17.9  17.9  3.5  14.3  3.3 
E  3  4.2  4.4  4.2  2.6  2.4  3.2  3.4  4  2  1.8  2.2  4.4  4  4.6  4.4  2.4 
PI - E  15.7  14.5  3.5  -1.1  0.5  0.7  -0.1  -0.3  15.1  5.7  1.7  1.3  13.5  13.9  -1.1  9.9  0.9 
A Po WL  0  14.5  0  -1.1  0  0  -0.1  -0.4  0  0  0  0  13.5  27.4  0  9.9  0 
SM  100  100  100  99  100  100  100  100  100  100  100  100  99  99  100  99  100 
^ SM  0  0  0  -1  1  0  0  0  0  0  0  0  -1  0  1  -1  1 
Et  3  18.7  4.4  4.1  2.6  2.4  3.1  3.1  4  2  1.8  2.2  18.9  17.9  4.6  15.3  2.4 
D  0  -14.5  0  0.1  0  0  0.1  0.3  0  0  0  0  -14.5  -13.9  0  -10.9  0   198 
S  15.7  14.5  3.5  0  0.5  0.7  0  0  15.1  5.7  1.7  1.3  13.5  13.9  0  0  0.9 
                                   
                                   
JUNE                                   
WEEK 5  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1       
P  31.4  0.2  0  0  0  0  0  0  10.8  15.8  4.6  3.4  0  0       
PI  34.5  3.3  3.1  3.1  3.1  3.1  3.1  3.1  13.9  18.9  7.7  6.5  3.1  3.1       
E  2.2  2  1.6  1.8  2.8  1.6  1.8  2.2  1.8  2  4.8  2.2  1.4  1.4       
PI - E  32.3  1.3  1.5  1.3  0.3  1.5  1.3  0.9  12.1  16.9  2.9  4.3  1.7  1.7      45 
A Po WL  0  0  0  0  0  0  0  0  0  0  -1.5  0  0  0       
SM  100  100  100  100  100  100  100  100  100  100  99  100  100  100       
^ SM  0  0  0  0  0  0  0  0  0  0  -1  2  0  0       
Et  2.2  2  1.6  1.8  2.8  1.6  1.8  2.2  1.8  2  8.7  2.2  1.4  1.4       
D  0  0  0  0  0  0  0  0  0  0  -3.9  0  0  0       
S  32.3  1.3  1.5  1.3  0.3  1.5  1.3  0.9  12.1  16.9  0  4.3  1.7  1.7  77.1     
                                   
                                   
WEEK 6  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1 
P  4  34.2  15  0.4  13.6  0  0  0  0  34  0.4  0.4  4.6  13.6  6.2  20.2  8.2 
PI  7.1  37.3  18.1  3.5  16.7  3.1  3.1  3.1  3.1  37.1  3.5  3.5  7.7  16.7  9.3  23.3  11.3 
E  1.2  2  1.4  3.2  1  3.4  5.4  1.2  2.4  1.2  0.4  1.2  2.4  1.6  7.2  2.8  2.8 
PI - E  5.9  35.3  16.7  0.3  15.7  -0.3  -2.3  1.9  0.7  35.9  3.1  2.3  5.3  15.1  2.1  20.5  8.5 
A Po WL  0  0  0  0  0  -0.3  -2.6  0  0  0  0  0  0  0  -2.5  0   
SM  100  100  100  100  100  100  98  100  100  100  100  100  100  100  98  100   
^ SM  0  0  0  0  0  0  -2  2  0  0  0  0  0  0  -2  0   
Et  1.2  2  1.4  3.2  1  3.4  5.1  1.2  2.4  1.2  0.4  1.2  2.4  1.6  11.3  2.8   
D  0  0  0  0  0  0  0.3  0  0  0  0  0  0  0  -4.1  0   
S  5.9  35.3  16.7  0.3  15.7  0  0  1.9  0.7  35.9  3.1  2.3  5.3  15.1  2.1  20.5  8.5   199 
                                   
                                   
JULY                                   
WEEK 7  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1      45 
P  0  0  0.6  0.6  3.6  6.2  0  0  3.8  6.8  5.2  2.8  0.2  0       
PI  3.1  3.1  3.7  3.7  6.7  9.3  3.1  3.1  6.9  9.9  8.3  5.9  3.3  3.1       
ET  1.8  1.7  2.1  1.8  2.5  2.7  2.2  2.1  2.2  2.1  1.8  1.9  1.9  2.2       
PI - ET  1.3  1.4  1.6  1.9  4.2  6.6  0.9  1  4.7  7.8  6.5  4  1.4  0.9       
A Po WL  0  0  0  0  0  0  0  0  0  0  0  0  0  0       
SM  100  100  100  100  100  100  100  100  100  100  100  100  100  100       
^ SM  0  0  0  0  0  0  0  0  0  0  0  0  0  0       
Et  1.8  1.7  2.1  1.8  2.5  2.7  2.2  2.1  2.2  2.1  1.8  1.9  1.9  2.2       
D  0  0  0  0  0  0  0  0  0  0  0  0  0  0       
S  1.3  1.4  1.6  1.9  4.2  6.6  0.9  1  4.7  7.8  6.5  4  1.4  0.9  44.2     
                                   
                                   
                                   
WEEK 8  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1 
P  0  0  34  6.2  15.8  13.6  0  0  0  34  0.4  0.4  4.6  13.6  6.2  20.2  8.2 
PI  3.1  3.1  37.1  9.3  18.9  16.7  3.1  3.1  3.1  37.1  3.5  3.5  7.7  16.7  9.3  23.3  11.3 
ET  3.9  2.3  2.7  2.6  2  2.4  2.1  1.7  1.9  2.2  2.4  1.9  1.6  1.9  2.7  2.8  2.7 
PI - ET  -0.8  0.8  34.4  6.7  16.9  14.3  1  1.4  1.2  34.9  1.1  1.6  6.1  14.8  6.6  20.5  8.6 
A Po WL  -0.8  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
SM  100  100  100  100  100  100  100  100  100  100  100  100  100  100  100  100  100 
^ SM  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
Et  3.1  2.3  2.7  2.6  2  2.4  2.1  1.7  1.9  2.2  2.4  1.9  1.6  1.9  2.7  2.8  2.7 
D  0.8  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
S  0  0.8  34.4  6.7  16.9  14.3  1  1.4  1.2  34.9  1.1  1.6  6.1  14.8  6.6  20.5  8.6 
                                     200 
                                   
AUGUST                                 
WEEK 9  1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1       
P  5.8  18.4  0  0  0  0  0  0  0  0  0  0  0  0       
PI  8.9  21.5  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1       
ET  2.2  2.4  2.2  2.2  2.8  2.6  2.1  1.9  2.5  2.8  2.2  2.8  3  3.2       
PI - ET  6.7  19.1  0.9  0.9  0.3  0.5  1  1.2  0.6  0.3  0.9  0.3  0.1  -0.1       
A Po WL  0  0  0  0  0  0  0  0  0  0  0  0  0  0       
SM  100  100  100  100  100  100  100  100  100  100  100  100  100  100       
^ SM  0  0  0  0  0  0  0  0  0  0  0  0  0  0       
Et  2.2  2.4  2.2  2.2  2.8  2.6  2.1  1.9  2.5  2.8  2.2  2.8  3  3.2       
D  0  0  0  0  0  0  0  0  0  0  0  0  0  0       
S  6.7  19.1  0.9  0.9  0.3  0.5  1  1.2  0.6  0.3  0.9  0.3  0.1  0  32.8     
                                   
                                   
WEEK 
10 
1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1 
P  0  0  0  0  0  4.6  0  0  0  0  0  0  0  0  2.2  0  0 
PI  3.1  3.1  3.1  3.1  3.1  7.7  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  5.3  3.1  3.1 
ET  3.2  2.1  2.8  2.1  2.6  1.8  2.8  2.6  3  2.2  2.6  2.8  2.8  2.4  2.8  2.4  2.9 
PI - ET  -0.1  1  0.3  1  0.5  5.9  0.3  0.5  0.1  0.9  0.5  0.3  0.3  0.7  2.5  0.7  0.2 
A Po WL  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
SM  100  100  100  100  100  100  100  100  100  100  100  100  100  100  100  100  100 
^ SM  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
Et  3.2  2.1  2.8  2.1  2.6  1.8  2.8  2.6  3  2.2  2.6  2.8  2.8  2.4  2.8  2.4  2.9 
D  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
S  0  1  0.3  1  0.5  5.9  0.3  0.5  0.1  0.9  0.5  0.3  0.3  0.7  2.5  0.7  0.2 
                                   
                                     201 
SEPTEMBER                                 
WEEK 
11 
1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1       
P  1.8  3.6  0  0  0.8  0  0  0  0  0  3  1.6  9  0.8       
PI  4.9  6.7  3.1  3.1  3.9  3.1  3.1  3.1  3.1  3.1  6.1  4.7  12.1  3.9       
ET  3.6  3.1  2.1  4.4  3.5  2.5  3.2  3.1  3  3.3  3.2  3.9  3.2  3.5       
PI - ET  1.3  3.6  1  -1.3  0.4  0.6  -0.1  0  0.1  -0.2  2.9  0.8  8.9  0.4       
A Po WL  0  0  0  -1.3  0  0  0  0  0  0  0  0  0  0       
SM  100  100  100  99  100  100  100  100  100  100  100  100  100  100       
^ SM  0  0  0  -1  1  0  0  0  0  0  0  0  0  0       
Et  3.6  3.1  2.1  4.1  3.5  2.5  3.2  3.1  3  3.3  3.2  3.9  3.2  3.5       
D  0  0  0  0.3  0  0  0  0  0  0  0  0  0  0       
S  1.3  3.6  1  0  0.4  0.6  0  0  0.1  0  2.9  0.8  8.9  0.4  20     
                                   
                                   
WEEK 
12 
1  2  3  4  5  6  7  8  9  10  11  12  13  14       
                                   
I  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1  3.1   
P  0.4  0  5  1.4  4.6  4.6  4.6  11.6  0  0  28.4  10.8  10.8  10.8  10.8  3.6   
PI  3.5  3.1  8.1  4.5  7.7  7.7  7.7  14.7  3.1  3.1  31.5  13.9  13.9  13.9  13.9  6.7   
ET  2.7  3.1  4  3.9  2.4  3  3.8  3.2  3.4  4.1  4  5  6.4  3.2  2.5  4.2   
PI - ET  0.8  0  4.1  0.6  5.3  4.7  3.9  11.5  -0.3  -1  27.5  8.9  7.5  10.7  11.4  2.5   
A Po WL  0  0  0  0  0  0  0  0  0  -1  26.5  35.4  42.9  0  0  0   
SM  100  100  100  100  100  100  100  100  100  100  99  97  93  103.7  115.1  117.6   
^ SM  0  0  0  0  0  0  0  0  0  0  -1  -2  -4  10.7  11.4  2.5   
Et  2.7  3.1  4  3.9  2.4  3  3.8  3.2  3.4  4.1  32.5  5  6.4  3.2  2.5  4.2   
D  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0   
S  0.8  0  4.1  0.6  5.3  4.7  3.9  11.5  0  0  27.5  8.9  7.5  10.7  11.4  2.5  99.4   202 
Appendix 4.1: CASE STUDY SURVEYS 
 
 
SEGMENT  A – HOUSEHOLD DEMOGRAPHIC PROFILE 
A1  City  : ______________________________ 
A2  What is the best way to describe the residents living? 
         Sole occupant       Family             Couple            Shared occupancy 
         Other __________________ 
A3  Number of residents in the house 
        1        2       3      4      5    6    ≥ 7 
A4  Number of children below 3 years old in the house? 
            1        2       3       ≥ 4  
A5  Education Qualification : 
__________________________________________________ 
A6  Household Occupation of members of this house: 
___________________________________________________________________ 
  ___________________________________________________________________ 
  ___________________________________________________________________ 
A7  Number of bedrooms in the house? 
       1            2          3            4              5               ≥ 6 
A8   Number of bathrooms and toilets in the house? 
         1           2            3           ≥ 4 
A9  Do you own the house ?                      Yes  No 
A10  Is your house connected to the main water supply?      Yes  No 
A11  Is your house connected to a septic tank?                                 Yes  No 
A12  House type :                  Terrace  Semi – D  Detached  Apartment/Unit 
A13  Type of soil at housing area?        Sandy     Sandy and limestone     Not Sure 
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A14   How frequently are you on vacation/holiday/travelling? 
         Once a year              Twice a year          more than 3 times 
  Duration in average total per year:__________________ 
A15  Area of the block ?_________________m
2                          Not Sure 
A16  How many years have you lived in the house? 
        0 – 1 year             1-2 years         3-4 years            more than 4 years 
 
SEGMENT B– HOUSEHOLD PRACTICE 
B1  What are the sources of greywater ? 
Laundry-wash cycle           Laundry-rinse cycle              Laundry-both wash and 
rinse cycle 
Bathroom   
B2   How many bathrooms in the house? 
        1                        2                    3                       more than 3 
B3   Bathroom types 
Bathtub                                 Handwash basin                    Shower 
B4  How many are they? 
  Bathtub:______________       Handwash basin:_________________  
Shower:_______________          
B5   Laundry 
(a) Type of washing machine ? ________________________ 
(b) Capacity: _______  Front loader            Top loader                             
(c) Type of detergent?Powder_________________   Liquid______________ 
(d) Type of fabric softener? _______________________ 
(e) Type of nappy wash (if any)? _________________________ 
(f)  Frequency of washing machine use? 
Daily                 Every 2 days         Every 3-4 days         Weekly    204 
 Others, please specify ___________________________ 
B6  Bathroom : 
(a) The way you take your bath  Shower                Bathtub 
(b) Soap used                                 Soap ________    Shower foam ______ 
(c) Bathroom cleaning product:______________________ 
(d) Toothpaste product : _____________________ 
(e) Personal care products (eg: face wash, 
etc):_____________________________________ 
(f)  Frequency of taking bath/shower? 
Daily                 Every 2 days         Every 3-4 days         Weekly 
                    Other, Please specify _________________________ 
 
SEGMENT C – GARDEN IRRIGATION WITH GREYWATER  
C1  Which greywater system do you have? ___________________________ 
C2   What type of plants are irrigated with greywater? 
Natives            Flowers            Fruit/vegies      Lawn/turf/grass 
C3  Have you noticed any changes to your plants from irrigation with greywater?
  Yes       No 
  If yes, please specify __________________________________________________ 
C4   How long have you been using grey water for irrigation at your home? 
                    Less than 1 year                1-3 year                             More than 3 year 
C5   How often have you used greywater during the last 12 months? 
Daily                 Every 2 days         Every 3-4 days         Weekly  
C6   Frequency of adding fertilizer to your plants? 
Monthly                      Every two mths                       Every 3 mths or more     
 Other, please specify 
C7   What are the types of fertilizer added?    205 
  Fruit trees: ______________________   Native plants : ____________________ 
  Flowers : _______________________    Turf/grass    : __________________ 
  Other   : _______________________ 
C8   What are the types of mulch used? _______________________ 
C9   What are your irrigation rates?____________________ 
C10   What dripline does your irrigation system use? ________________________ 
C11   What is your view about reuse of greywater for irrigation of home gardens? 
 It can be used without any problems 
                    Problems may arise over time with its use 
                    Don’t know 
         Other, Please specify:_______________________________________ 
C12   What motivates you to reuse grey water? (you can select more than one option) 
 Cope with the current water crisis 
                    Save on my water bill 
                    Help the environment 
         Other, Please specify:_______________________________________ 
*All the information stated above is private and will only be used for research  purposes 
Name    :_________________________________  Email  :__________________ 
Address  :_________________________________  Date  :__________________ 
Phone Number  :_________________________________     
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Appendix 4. 2: PROFILE HOUSE A 
 
 
 
Case study: House A  
 
The property: 
 
No. of bedrooms  2  No. & type of 
occupants 
2 adults 
Retrofit / new 
construction 
New construction  Total block size (m
2)  280 
Water saving strategies  Rainwater tanks – for 
garden watering 
Water efficient shower & 
washing machine, 
greywater system 
Greywater sources 
 
All bathroom & all laundry 
 
Scheme water usage: 
 
Scheme water 
consumption (L/day) 
Pre-greywater reuse  N/A 
 
Post greywater reuse  166 
Greywater generation 
(CoP) (L/day/household) 
 
279 
 
The greywater system: 
 
Date of installation  July 08  Cost of system  $2,000 
System Name    System Type  Diversion 
 
Storage capability  Temporary  Tank type & size  Pump Pit  
Total Vol : 79L, pump out vol: 32L 
Level of treatment  Coarse  Pump activation  Float switch 
Filtering mechanism  2 x sponge filters 
Dimensions: 21 x 11cm 
Pump Type  Davey sump pump ,  
D15VA-3 
Pump output (watts)  150  Other features 
 
Reflux valve 
Isolation switch 
Automatic overflow to sewer 
Flow rate (L/min)  140  Max head (m)  7 
Manufacturers 
recommended 
maintenance 
Regular cleaning of filters, frequency being investigated due to new system. Occasional 
de-sludge of pump pit. 
 
Irrigation system: 
 
Location of irrigation 
area 
Rear & side garden only  Plant types 
crop factor & size of 
foliage (m2) 
Native garden beds 
Eg: Grevillia & kangaroo paw 
Crop factor 0.3 
12m
2 
Total irrigation area (m
2)  33.25  Greywater irrigation 
area (m
2) 
 
25 
Greywater irrigation 
area as a % of total 
irrigation area 
75%  Dripline type  Netafim Titan 17 lilac 
Length of dripline (m) &  
no. of drippers 
 
 
 
Dripline irrigation rate  9 L/hr 
Other features  Flush valve &bore water back up 
 
 
Household practice: 
1) Laundry 
Type of washing machine  Fisher & Paykel  
(MW 512) 
Type of detergents used  Hurricane Planet Ark 
Type of softener used  -  Type of nappy wash (if 
any) 
-   207 
Frequency of washing 
machine used 
Every 3-4 days  Source of laundry 
greywater (ex: laundry 
wash cycle?) 
 
 
 
2) Bathroom  
The way of taking bath 
(shower or bathtub) 
Shower (2-5 mins)  Soap used  Dove 
Envirocare  
(Shower foam) 
Bathroom cleaner use  Enviroclean, Vigour All 
Purpose Cleaning 
Toothpaste product use  Colgate  
Frequency of taking bath  10 shower/week  Personal cleaning 
products 
- 
 
 
Garden irrigation with greywater:  
 
When start irrigate with 
greywater 
Less than 1 year  Type of fertilizer and its 
adding frequency 
Native slow release 
Type of mulch in the 
garden 
Supplied by Village 
Management 
Plant growth  No negative changes 
 
 
House
Carport
Front 
garden
Front 
garden
Area irrigated with greywater Rainwater tank Dripline
Greywater irrigation area
Greywater system
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Greywater system schematic 
 
1. Greywater pump pit 
with sump pump & sensor 
 
 
2. Sponge filter 
 
 
3. New style filter 
 
 
4. Netafim Tiran dripline 
 
 
5. Flush valve 
 
 
6. Rear garden with native 
vegetation 
 
 
7. Isolation switch 
 
 
8. Bore water back up  
switch 
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Appendix 4. 3. PROFILE HOUSE B 
 
 
The property: 
 
No. of bedrooms  2  No. & type of occupants  2 adults 
Retrofit / new construction  New construction  Total block size (m
2)  280 
Water saving strategies  Rainwater tanks – for 
garden watering 
Water efficient fixtures - 
shower heads & taps 
Greywater system 
Greywater sources 
 
All bathroom & all laundry 
 
The greywater system: 
 
Date of installation  July 07  Cost of system  $2,000 
 
System Name  AWWS Greyflow PS  System Type  Diversion 
 
Storage capability  Temporary  Tank type & size  Tube Pit **L 
 
Treatment level  Coarse  Pump activation  Float switch 
 
Filtering mechanism  2 x sponge filters 
Dimensions: 10 x 5cm 
 
Pump Type  Grundfos KP 250 
Pump output (watts)  480 
 
Max head (m)  6 
Flow rate (L/min @ 2m)  165  Other features  Reflux valve 
Automatic overflow to sewer 
 
Manufacturers 
recommended 
maintenance 
Regular cleaning of 2 x filters 
De-sludge of pump pit 1-2 years 
 
 
 
The irrigation system: 
 
Location of irrigation area  Rear & side garden only  Plant types & area  Native garden beds 
Eg: Grevillia hybrid & 
kangaroo paw, Grimson 
Fantasy (var 
Summandecrim 
manderilla), Adenanthos 
Albany Wollybrush, Red 
Ridinghood Dipladenia 
(mandevilla) sanderii) 
Greywater irrigation area 
(m
2) 
83%  Total irrigation area (m
2)  30 
Dripline type  Netafim Titan 17 lilac  Length of dripline (m) &  
no. of drippers 
 
Dripline irrigation rate  9 L/hr  Other features  Flush valve 
Bore water back up 
 
Water usage: 
 
Scheme water 
consumption (L/day) 
Pre-greywater reuse  N/A 
Post greywater reuse  166 
Greywater generation 
(CoP) (L/day/household) 
 
279 
 
Household practice 
 
1) Laundry 
Type of washing machine  Electrolux (7 kg)  Type of detergents used  Dynamo 
Type of softener used  Cuddly  Type of nappy wash (if any)  Coles Napicare 
Frequency of washing 
machine used 
Every 2 days  Source of laundry 
greywater (ex: laundry 
wash cycle?) 
all 
   210 
 
2) Bathroom  
The way of taking bath 
(shower or bathtub) 
Shower  Soap used  Any 
Bathroom cleaner use  Pine Cleen Shower 
Scrub 
Toothpaste product use  Colgate 
Frequency of taking bath  14 showers/week  Personal cleaning products  Dr.Lewinns 
 
 
Garden irrigation with greywater  
 
When start irrigate with 
greywater 
1-3 year  Type of fertilizer and its 
adding frequency 
Not answer 
Type of mulch in the 
garden 
Not answer  Plant growth  Difficult to say as garden 
was never irrigated with 
non GW 
 
 
Greywater system photos 
 
1. Greywater pump pit  
with sump pump & sensor 
 
 
2. Sponge filter 
 
 
 
3. Filters 
 
4. Netafim Tiran dripline 
 
 
5. Flush valve 
 
 
6. Rear garden with 
native vegetation 
 
 
7. Isolation switch 
 
 
 
 
8. Bore water back up switch 
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Appendix 4. 4: PROFILE HOUSE C 
 
The property: 
 
No. of bedrooms  2  No. & type of 
occupants 
 
 2 adults & 2 children (1 aged 
under 3yrs) 
Retrofit / new construction  Retro-fit  Total block 
size (m
2) 
596 
Water saving strategies  Rainwater tanks – plumbed 
internally to bathroom, 
washing machine & kitchen,  
water efficient shower & 
washing machine, 
greywater system 
Greywater 
sources 
 
All bathroom & all laundry 
 
Scheme water usage: 
 
Scheme water consumption 
(L/day) 
Pre-greywater reuse  510 
Post greywater reuse  660 
Greywater generation (CoP) 
(L/day/household) 
 
279 
 
The greywater system: 
 
Date of installation  June 07  Cost of system  $4500 
 
System Name  GRS Watersave Tank 
& Dripper system 
System Type  Diversion 
Storage capability & pump 
out vol 
Temporary, 160L  Tank type & size  Sedimentation tank  600L, pump 
out tank 400L 
Level of treatment  Primary  Pump activation  Float switch 
Filtration mechanism  1 x biomatt filter 
 
Pump Type  Showfou  submersible vortex pump 
– GVA 680 
Pump output (watts)  680  Pump flow rate 
(l/min) 
250 
Pump max head (m)  9.5  Other features  Reflux valve 
Isolation switch 
Visual & audio alarm 
Automatic overflow to sewer 
Manufacturers recommended 
maintenance 
De-sludge sedimentation tank 1-2 years 
Clean biomatt filter quarterly   212 
The greywater irrigation system: 
 
Location of 
irrigation area 
Rear, side & front  
garden 
Plant types 
Area of foliage &  
crop factors 
Fruit trees & vegetables, crop factor 
0.8 -  7m
2 
 
Ornamental garden beds to side & 
front, crop factor 0.65 -  29.5m
2 
Total irrigation area 
(m
2) 
 
86  Greywater irrigation 
area (m
2) 
52.5m
2 
Greywater 
irrigation area as % 
of total irrigation 
area 
61  Dripline type  Netafim Titan 17 lilac 
Length of dripline 
(m) &  no. of 
drippers 
100m 
300 drippers 
Dripline irrigation 
rate 
8-10 L/hr 
Other features  Flush valve 
Vacuum breaker 
KRain distribution valve with a ratio of 1:1 between front & rear garden areas 
 
Household practice: 
 
1) Laundry 
Type of washing 
machine 
Meile (6.5 kg) 
Water rating:half 4 star, 
51L/wash 
Type of detergents used  Sonett Washing 
Liquid 
Type of softener used  Sonett laundry rinse  Type of nappy wash (if 
any) 
Sonett plus Sonett 
Bleaching Complex 
biodegradable 
Frequency of washing 
machine used 
Daily  Source of laundry 
greywater (ex: laundry 
wash cycle?) 
all 
 
2) Bathroom  
The way of taking bath 
(shower or bathtub) 
Shower   Soap used  Either home made 
olive oil soap or 
“Corrynes Soap” 
Bathroom cleaner use  Vinegar & Bicarb 
(Occasionally enjo ‘marble 
paste’, 1xmonthly) 
Toothpaste product use  Wileda calendula 
toothpaste or Riddels 
Creek organic 
toothpaste 
Frequency of taking bath  4  Personal cleaning 
products 
Mi-Essence, Sodashi 
or Jur lique 
Use of laundry trough  Bathing the kids (2 half filled 
troughs per day)=1 trough 
for bathing, 
Occasional soaking (1 x per 
fortnight) 
   
 
 
Garden irrigation with greywater 
 
When start irrigate with 
greywater 
  Type of fertilizer and its 
adding frequency 
Blood or bone or 
pelletized chook 
manure & homemade 
compost – 
occasionally 
composted cow 
manure, rock dust 
(added every 3 
month) 
Type of mulch in the 
garden 
Pea straw or lucerne  Plant growth  Good 
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Greywater irrigation area 
 
     
Lawn area
(not irrigated)
House
Chicken run
Carport
Laundry
Undercover rear patio area
G
Pots- 
rain / scheme 
water irrigation
Vegetable patch -
rain / scheme
water irrigation
Greywater 
irrigation area
Rainwater tanks
Front paved area
Dripline
 
Not to scale 
 
 
Greywater system photos 
 
1. Greywater pump pit 
with sump pump & sensor 
 
 
 
2. Biomatt filter 
 
 
 
3. Control box with red light 
visual and audio alarm 
 
 
4. Netafim Tiran dripline 
 
 
5. Flush valve 
 
 
6. Rear garden  
 
 
7. Front garden 
 
 
8. KRain Distribution valve 
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Appendix 4. 5: PROFILE HOUSE D 
 
 
The community:House D  
 
No. of houses  9 houses, 5 houses connected to 
greywater system  
No. of bedrooms  Hse 1 – 2              Hse 4 - 3 
Hse 2 – 3              Hse 5 - 4 
Hse 3 - 3 
No. & type of 
occupants 
Hse 1 – 1 Disabled adult with carer 
Hse 2 – 3 – adult + 2 teenage children 
Hse 3 – 3 – 2 adults + 1 teenage child 
Hse 4 – 1 – 1 adult 
Hse 5 – 3 – 1 adult + 2 teenage children 
Retrofit / new 
construction 
Retro-fit  Total block size 
(m
2) 
2,000 
Water saving 
strategies 
Rainwater tanks – plumbed 
internally for toilet flushing, some 
water efficient appliances, 
greywater system 
Greywater 
sources 
 
Bathroom greywater from 
each house, laundry from 
only hse 1 
 
Scheme water usage 
 
Mean scheme water 
consumption (L/day) 
Pre-greywater reuse  2,443 
Post greywater reuse  2,511 
Greywater generation 
(CoP) (L/day/household) 
 
1146 
 
The greywater system 
 
Date of installation  July 08  Cost of system  $20,845 
System Name  GRS Waterclear Tank 
& Dripper system 
System Type  Diversion 
Storage capability & 
pump out vol/cycle 
Temporary, 350L  Tank type & size  2 x Sedimentation tank – total 
1200L, 1 x pump out tank 600L 
Level of treatment  Primary  Pump activation  2x Float switch 
Filtration mechanism  1 x biomatt filter  Pump Type  Showfou submersible vortex pump 
GVA-680 
Pump flow rate (l/min)  250  Pump max head (m)  9.5 
Pump output (watts)  680  Other features  Reflux valve, isolation switch, 
visual & audible alarm, automatic 
overflow to sewer 
Manufacturers 
recommended 
maintenance 
De-sludge sedimentation tank 1-2 years, clean biomatt filter quarterly 
 
The greywater irrigation system 
 
Location of irrigation 
area 
Communal rear 
garden & front garden 
Plant types, size of 
planted area & crop 
factor 
Fruit trees -  24m
2, crop factor 0.8 
 
Lawn (Sir Walter Spp) – 109m
2 
Crop factor 0.25 
Total irrigation area 
(m
2) 
300  Greywater irrigation 
area (m
2) 
133 
Greywater irrigation 
area as a % of total 
irrigation area 
44%  Dripline type  Netafim Titan 17 lilac. Lawn, plus 
K.I.S.S.S to prevent root intrusion. 
Length of dripline (m) 
&  no. of drippers 
300m for lawn area 
100m for fruit tree 
area 
1200 drippers 
Dripline irrigation rate  8-10 L/hr 
Other features  Flush valve 
Vacuum breaker 
KRain distribution valve , ratio of 1:2 between fruit trees and lawn 
 
 
 
) Laundry 
Type of washing 
machine 
Fisher & paykal  
 
Type of detergents used  Low P 
Type of softener used    Type of nappy wash (if     215 
any) 
Frequency of washing 
machine used 
Daily  Source of laundry 
greywater (ex: laundry 
wash cycle?) 
all 
 
2) Bathroom  
The way of taking bath 
(shower or bathtub) 
Shower   Soap used   
Bathroom cleaner use  Vinegar & Earth choice  Toothpaste product use  Regular 
Frequency of taking bath    Personal cleaning 
products 
Vary 
Use of laundry trough       
 
 
Garden irrigation with greywater  
 
 
When start irrigate with 
greywater 
  Type of fertilizer and its 
adding frequency 
Horse faeces on the 
trees and sulphur to 
acidify the soil and Fe 
to add Fe nutrient 
Type of mulch in the 
garden 
Fruit trees= horse faeces 
Native grass= wood chips 
Turfgrass= Top dressing 
Plant growth   
 
 
Greywater irrigation area 
 
G
Paved BBQ area
House 1
House 2
House 3
House 4
House 5
Car Park
Car Park
Car Park
G
Greywater irrigation areas
Non greywater vegetated areas
Non greywater lawn area
Vegetable patch
Greywater system
Rainwater tanks
Dripline
 
 
Not to scale  216 
Greywater system photos 
 
1. Greywater pump pit with sump 
pump & sensor 
 
 
 
 
2. Biomatt filter 
 
 
 
3. Lysimeter installed 
 
 
4. Netafim Tiran dripline 
 
 
5. Greywater meter 
 
6. Lawn area  
 
7. Fruit trees 
 
8. KRain Distribution 
valve 
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